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INTRODUCTION 
The publication of Silent Spring (Carson 1962) 
alerted the public to the potential dangers of 
widespread misuse of chemicals in the environment and 
served as an impetus for the modern environmental 
movement. Environmental toxicology had its beginning as 
a science during the mid-1960s. Establishment of the 
Environmental Protection Agency (EPA) in 1970 and 
subsequent legislation increased greatly the role of 
government in regulating the release of chemicals into 
the environment. Presently more than 6 million chemical 
compounds exist with approximately 63,000 in common use 
today (Maugh 1983). The toxicity of many of these 
chemicals, and their potential introduction into aquatic 
systems, requires rapid, sensitive, and inexpensive 
methods for determining safe levels for aquatic life. 
Current federal laws, such as the Federal Insecticide, 
Fungicide, and Rodenticide Act, the Toxic Substances 
Control Act, and the Clean Water Act, mandate that 
thousands of chemicals be assessed for possible effects 
on aquatic organisms. This regulatory process has been 
a major force in focusing the direction of environmental 
toxicology in the area of risk assessment. 
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The hazard evaluation process incorporates both 
chemistry and toxicology in judging the probability of 
harm from a chemical in the aquatic environment. 
Aquatic chemistry considers chemical transport and 
transformation for all modes of input to determine 
concentrations and fate of the chemical in the 
environment. Aquatic toxicology considers the 
concentrations of the chemical and its transformation 
products that cause adverse effects to aquatic life. 
Currently, laboratory acute toxicity and chronic 
exposure tests are the primary methods used to determine 
chemical concentrations safe for aquatic life, i.e., the 
maximum acceptable toxicant concentration (MATC). These 
laboratory tests assess only physiological aspects of 
contaminant stress on individual organism and population 
attributes such as growth, reproduction, and survival. 
A rarely stated, but common assumption is that responses 
to a chemical at levels of biological organization above 
single species (i.e., community, ecosystem) can be 
reliably predicted with single species toxicity tests 
(Cairns 1983). It has long been recognized that 
toxicants may also alter community interactions, such as 
competition and prédation; and ecosystem dynamics, such 
as energy flow and nutrient cycling (Cairns 1983, Levin 
et al. 1984, Kimball and Levin 1985). Major challenges 
3 
to ecologists are to learn how contaminant stress alters 
multispecies and ecosystem dynamics, to conduct 
laboratory experiments to measure these effects, to 
devise methods of verifying laboratory results in the 
field, and to use these methods to develop a sound 
theoretical framework for the rapidly expanding science 
of aquatic toxicology. 
The acquisition of food by fish, as for all 
animals, is a major factor influencing survival and 
fitness in the wild. Relatively little research has 
been done assessing contaminant effects on foraging 
behavior or predator-prey interactions. Previous 
studies in this area have primarily taken a strictly 
empirical approach with relatively little basis in 
ecological theory. These studies have been primarily 
limited to the laboratory and have not lended themselves 
readily to predictions of chemically-altered 
predator-prey interactions in aquatic communities. To 
date no studies have field-verified chemically-modified 
feeding behavior and diets observed in the laboratory. 
The objectives of this study were; 1) to determine the 
utility of empirical and mechanistic measures in 
assessing toxicant stress on fish foraging behavior, 2) 
to take a mechanistic approach to studying 
toxicant-altered fish foraging behavior in the 
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laboratory, 3) to incorporate information obtained from 
laboratory studies into current optimal foraging models 
that predict fish diets in the field, and 4) to verify 
these laboratory derived models through the use of 
aquatic mesocosms. 
Explanation of Dissertation Format 
The three sections of this dissertation represent 
three manuscripts which will be submitted for 
publication in scientific journals under the authorship 
of Mark B. Sandheinrich and Gary J. Atchison. 
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SECTION 1. SUBLETHAL TOXICANT EFFECTS ON FISH FORAGING 
BEHAVIOR: EMPIRICAL VS. MECHANISTIC APPROACHES 
Sublethal toxicant effects on fish foraging behavior 
Empirical vs. mechanistic approaches 
Mark B. Sandheinrich 
From the Department of Animal Ecology, Iowa State 
University, Ames, lA 50011 
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ABSTRACT 
Previous studies of toxicant effects on fish 
foraging behavior and predator-prey interactions have 
taken a strictly empirical approach. The most common 
observation of altered feeding behavior was cessation of 
feeding or reduction in the amount of artificial food 
consumed. Changes in the number of live prey attacked 
and captured, latency to feed, and capture efficiency 
have also been documented. Predator-prey tests have 
placed major emphasis on toxicant effects on the ability 
of prey to escape prédation. Several different test 
systems, as well as model ecosystems, have been used. 
It is difficult to evaluate the sensitivity of these 
behavioral tests in relation to standard chronic tests. 
There is no consistency in test design, and few studies 
provide information on chemical effects on reproduction 
or growth in conjunction with behavioral effects. These 
empirical studies have little basis in ecological theory 
and do not allow development of testable hypotheses a 
priori to field verification of laboratory results. Few 
laboratory feeding studies have been verified in the 
wild. A mechanistic approach to feeding studies using 
optimal foraging and bioenergetic models may provide 
sensitive tests of contaminant effects that may be 
readily verified in the field. Model simulations 
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demonstrate how toxicant effects on components of 
fishes' prédation sequence can modify the size-frequency 
distribution of prey in the fishes' diet and how 
reductions in the amount of food consumed may alter 
growth. 
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INTRODUCTION 
Currently, establishment of water quality criteria 
and assessment of a chemical's potential hazard to 
aquatic life rely primarily on standard acute and 
chronic toxicity tests (USEPA 1985, Maki 1979). Chronic 
toxicity tests are most sensitive to xenobiotic effects 
on the physiological components of reproduction, growth, 
and survival. But these tests are expensive, time 
consuming, and/or poorly consider sublethal toxicant 
effects on a fish's ability to forage for food, avoid 
prédation, mate, and perform other ecologically 
important tasks that influence growth, survival, and 
reproduction in the wild. Sublethal effects are of 
major concern because more organisms experience 
sublethal than acutely lethal concentrations in nature 
(Kleerekoper 1976). Though single-species toxicity 
tests (acute lethality, chronic full or partial 
life-cycle, early life stage) will remain important for 
protocol development, multispecies tests need to be 
incorporated into the hazard assessment process to 
better elucidate mechanisms and effects of xenobiotics 
on the structure and function of aquatic communities. 
Behavior patterns are the culmination of a diversity 
of physiological processes and are sensitive to changes 
in the steady state of an organism (Warner et al. 1966). 
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Behavioral toxicity tests, especially those 
incorporating predator-prey interactions or competition, 
may provide inexpensive and accurate methods for 
assessing a chemical's potential to alter aquatic 
communities. They typically have been precluded from 
the hazard assessment process because they are often 
labor intensive, subjective, and difficult to quantify 
and field verify. Several reviews, however, have 
demonstrated the sensitivity of fish behavioral toxicity 
tests and have suggested that these tests be added to 
the current hazard evaluation process (011a et al. 1980, 
Westlake 1984, Little et al. 1985, Rand 1985, Atchison 
et al. 1987). But, conventional single-species 
laboratory studies of chronically modified fish behavior 
may be of limited value unless the consequences of 
altered behaviors are related to changes in growth, 
survival, and reproduction and verified through field 
experiments. 
A critical review of laboratory multispecies tests 
evaluated a variety of test systems for use in aquatic 
toxicology (Mammons 1981). The participants in the 
review concluded that substantial information already 
exists for the development of toxicity tests using fish 
feeding behavior and predator-prey interactions. In 
this paper, I critically review studies of chemically 
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modified fish feeding behavior and predator-prey 
interactions. I argue that current test methods will 
not allow predictions to be made of altered behavior in 
the field because they are strictly empirical and have 
little basis in ecological theory. I propose a 
mechanistic approach that combines ecological and 
physiological feeding models that should allow 
prediction of chemically modified fish diets and growth 
in the wild. 
Fish Feeding Behavior 
The most common observation of toxicant-altered 
feeding behavior is the cessation of feeding or 
reduction in food consumption (Table 1). These 
observations are generally incidental and made during 
standard chronic toxicity tests. In many of these 
tests, food consumption was affected at or near 
concentrations causing decreased growth. But in many 
studies, the range of chemical concentrations used was 
not wide enough to evaluate the sensitivity of reduced 
food consumption in relation to growth. Standard 
laboratory tests examine toxicant effects only on 
physiological aspects of growth. Most studies use 
nonliving foods such as trout chow pellets, chopped 
shrimp, or pieces of tubifex worms. Even in studies 
where live food was used, fish were presented with high 
Table 1. Toxicant concentrations causing cessation of feeding or reduction in 
food consumption in certain fishes (feeding LOEC). Data on acute 
lethality (LC50) and chronic lowest observed effect concentration 
(LOEC) are provided for sensitivity evaluation of behavioral tests. 
LOEC's are based on chronic tests on full life cycle, partial life 
cycle, or early life stage 
Toxicant 
(reference)^ 
Food LC50 
(ug/1) 
LOEC 
(ug/1) 
Feeding 
LOEC (ug/1) 
copper (1) 
copper (2) 
dioxin (3) 
ozone (4) 
aluminum 
hydroxide (5) 
Salmo qairdneci 
trout pellets 
trout pellets 
trout pellets 
trout pellets 
trout pellets 
40 
250 - 680 
NA^ 
9.3 
5200 
2.3 -
2 
100 
2300^ 
NA 
NA 
2.3 -
10 
100 
2300^ 
2-3 
520 
zinc (6) 
fenitrothion (7) 
trout pellets 
Tenebrio 
Gammarus 
Salmo salar 
340-1600 
4200 
NA 
NA 
420 
1000 
copper (8) 
Salvelinus fontinalis 
trout pellets 120 NA 9 
Lepomis macrochirus 
hydrogen live minnows 44.8 1 - 10.7 14.7 
sulfide (9) 
Arius felis 
No. 2 fuel chopped 0.14^ MA 0.019 -
oil (10) shrimp 0.038^ 
Jordanella floridae 
alkyl benzene tubifex WA WA 10000 
sulfonate (11) 
(1) Waiwood and Beamish 1978, (2) Lett et al. 1976, (3) Hawkes and Norris 
1977, (4) Wedemeyer et al. 1979, (5) Freeman and Everhart 1971, (6) Farmer et 
al. 1979, (7) Symons 1973, (8) Drummond et al. 1973, (9) Smith et al. 1976, (10) 
Wang and Nicol 1980, (11) Foster et al. 1966, (12) Cairns and Loos 1967, (13) 
Lemly and Smith 1985, (14) Collvin 1985. 
^not available. 
^ug/kg food. 
^ml/1. 
Table 1 (Continued) 
Toxicant Food LC50 LOEC Feeding 
(reference)3 (ug/1) (ug/1) LOEC (ug/1) 
Brachydanio rerio 
zinc (12) tubifex NA NA 3700 
potassium tubifex NA NA 56000 
dichromate (12) 
alkyl benzene tubifex NA NA 10009 
sulfonate (12) 
I-» 
Pimephales promelas 
pH (13) chemical stimulus NA NA pH 6 
I  
I Perca fluviatilis 
i  
copper (14) Gammarus pulex NA 22 - 39 39-81 
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densities of prey in unstructured environments. 
Consequently, fish were not challenged to search for, 
locate, pursue, and capture prey, and potential toxicant 
effects on the ecological aspects of growth were not 
appraised. In addition, few chronic growth studies 
performed in the laboratory have been field verified. 
Several fish species have exhibited reduced food 
consumption when exposed to metals, pesticides, and 
hydrocarbons. Smith et al. (1976) reported that the 
intake of minnows by bluegill (Lepomis macrochirus) was 
modified by hydrogen sulfide. Average bluegill growth 
and mean weight of minnows consumed per day decreased 
with increasing hydrogen sulfide concentrations during 
114 days of exposure. This was one of few studies that 
actually quantified the reduction in food consumed by 
treated fish. In another study, rainbow trout (Salmo 
gairdneri) exposed to copper ate fewer trout pellets 
than control fish at concentrations near those that 
caused a 25 percent growth reduction in 30 days (Waiwood 
and Beamish 1978). But decreased growth rates also 
occurred at copper concentrations that did not depress 
appetite, suggesting that basal metabolism was also 
affected. Lemly and Smith (1985) found that fathead 
minnows (Pimephales promelas) no longer responded, when 
exposed for 72 hours to water of pH 6, to a chemical 
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stimulus that previously elicited a strong feeding 
response. Cairns and Loos (1967) demonstrated that 
zebtafish (Brachydanio rerio) exposed to zinc, alkyl 
benzene sulfonate, or potassium dichromate required more 
time than control fish to consume tubifex worms. The 
1-mm sections of tubifex were often regurgitated 
repeatedly (prey spitting) after capture before they 
were finally retained. 
Instead of focusing solely on growth reductions, 
several studies emphasized the effects of xenobiotics on 
fish feeding behavior and have demonstrated changes in 
the number of live prey attacked and captured by 
toxicant-exposed fish (Table 2). Cleveland et al. 
(1986) observed the interactive toxicity of aluminum and 
low pH to brook trout (Salvelinus fontinalis). Larval 
trout exposed to pH of 5.5 with or without 300 ug/1 
aluminum struck at fewer Daphnia magna and Artemia 
salina than fish in water of pH 7.2. Changes in 
prey-strike frequency were strongly related to changes 
in locomotory behavior and were more sensitive than 
larval growth to aluminum and pH. Larval growth was 
reduced at pH 5 with 300 ug/1 aluminum and at pH 4.5 
with or without 300 ug/1 aluminum. Pentachlorophenol 
(PCP) reduced the capture-strike ratio of largemouth 
bass (Micropterus salmoides) preying on the poeciliids 
17 
Table 2. Toxicant concentrations that cause alterations 
in the number of untreated prey attacked 
and/or captured (feeding LOEC), induce 
mortality (LC50) and cause chronic effects 
(LOEC) in fish. Lowest observed effect 
concentrations (LOEC) based on chronic tests 
on full life cycle, partial life cycle, or 
early life stage 
Toxicant Prey 
(reference)® 
LC50 LOEC Feeding LOEC 
(ug/1) (ug/1) (ug/1) 
Salvelinus fontinalis 
aluminum (1) Daphnia magna 300 300 
PCP (2) 
PCP (3) 
crude oil (4) 
Micropterus salmoides 
Poeciliidae 189 
Zooplankton 189 NA 
Oncorhynchus kisutch 
50 
45 
NA NA 
DDT (5) 
Therapon jaruba 
mullet NA NA 
fluorene (6) chironomid 
larvae 
Lepomis macrochirus 
910 . 125 • 
250 
60  
®(1) Cleveland et al. 1986, (2) Mathers et al. 1985, 
(4) Folmar et al. 1981, (5) Lingaraja et al. 1979, 
(6) Finger et al. 1985. 
^not available. 
*^1 ml oil/10 ml seawater. 
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Xiphophorous maculatus and ^ helleri (Mathers et al. 
1985). The feeding behavior of larval largemouth bass 
was also altered by PCP (Brown et al. 1987). Exposure to 
50 ug/1 PCP reduced the amount of food consumed and 
growth conversion efficiency by 30 percent. Wildish and 
Lister (1973) reported a reversal in the feeding 
hierarchy of brook trout exposed to fenitrothion at 
levels of 10 mg/g of food. Finger et al. (1985) studied 
the effects of fluorene on bluegill preying on 
chironomid larvae. After 30 days of exposure, the 
proportion of fluorene-exposed bluegill striking prey 
and consuming attacked chironomids was significantly 
smaller than that of controls. Treated fish also had a 
lower capture efficiency, longer latency to feed, and a 
smaller reaction distance (distance between predator and 
prey at which predator orients towards and pursues prey) 
than control fish. The 30-day growth of bluegill 
fingerlings was reduced at fluorene concentrations of 
250 ug/1. The most sensitive feeding behaviors were 
altered at 60 ug/1. Feeding behavior was the only test 
conducted during the chronic study that predicted the 
low level (120 ug/1) response of bluegill growth and 
mortality in pond ecosystems treated with fluorene 
(Boyle et al. 1985). These studies suggest that feeding 
tests may be more sensitive than chronic growth studies 
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to sublethal toxicant effects. In all of these tests, 
toxicant-exposed fish were tested with unexposed prey; 
this is a situation unlikely to occur in the field. 
Predator-Prey Interactions 
In contrast to feeding behavior tests where 
toxicant alterations in feeding behavior are assessed, 
predator-prey tests place major emphasis on the 
toxicant's effect on the ability of prey to escape 
prédation. Generally, both previously treated and 
untreated prey are introduced simultaneously or alone 
into an experimental system with a preacclimated 
predator(s) that may or may not have been subjected to 
the toxicant. The number of treated prey surviving 
after a predetermined time interval is compared with the 
number of surviving, control prey. A significant 
difference in the prédation rate on the two groups is 
used as an indication that the toxicant affected the 
interaction. 
Approximately 50 percent of the studies I reviewed 
used largemouth bass as the predator with cyprinids, 
poeciliids, or centrarchids as prey (Table 3). 
Salmonids and cyprinodontids were the predominant 
predators and salmonids and grass shrimp (Palaemonetes 
spp.) were the predominant prey in the remaining 
Table 3. Toxicant concentrations (behavioral LOEC) altering susceptibility of 
treated (t) or untreated (ut) prey to treated (t) or untreated (ut) 
predator 
Toxicant 
(reference)& 
Predator Prey Behavioral 
LOEC (ug/1) 
ammonia (1) 
PCP (2) 
cadmium (3) 
mercury (4) 
gamma rays (5) 
fluorene (6) 
HCN (7) 
parathion (8) 
parathion (9) 
mirex (10) 
phenol (11) 
Micropterus salmoides (t) 
M. salmoides (ut) 
M. salmoides (ut) 
M. salmoides (ut) 
M. salmoides (ut) 
M. salmoides (ut) 
L. cyanellus (t) 
Fundulus grandis (ut) 
F, grandis (ut) 
Lagodon rhomboïdes (t) 
Salmo gairdneri (t) 
Gambusia affinis (t) 340 
Poecilia reticulata (t) 100 
Pimephales promelas (t) 37 
G. affinis (t, ut) 5 
G. affinis (t) 20 KR^ 
Lepomis macrochirus (t) 1000 
Pimephales promelas (t) 12.5 
Palaemonetes pugio (t) 0.1 
£. pugio (t) 0.24 
Cyprinodon variegatus (t) 
£. vulgaris (t) 0.25 
S_. gairdneri (t, ut) 7000 
ammonia (12) Salvelinus fontinalis (t) Oncorhynchus 2900 
tshawytscha (t) 
fenitrothion S. fontinalis (ut) Salmo. salar (t, ut) 1000 
(13) 
DDT (13) S_. fontinalis (ut) salar (t,ut) 70 
^(1) Woltering et al. 1978, (2) Brown et al. 1985, (3) Sullivan et al. 
1978, (4) Kania and O'Hara 1975, (5) Goodyear 1972, (6) Finger et al. 1985, (7) 
Smith et al. 1979, (8) Farr 1977, (9) Farr 1978, (10) Tagatz 1976, (11) 
Schneider et al. 1980, (12) Hedtke and Norris 1980, (13) Hatfield and Anderson 
1972. 
bkilorads. 
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studies. It is difficult to establish the sensitivity 
of these experiments relative to standard chronic 
toxicity tests. Few studies have conducted chronic full 
or partial life cycle tests in conjunction with 
predator-prey tests. When compared with concentrations 
causing acute lethality, alterations in prey 
susceptibility to prédation may not be as sensitive as 
feeding behavior to toxicant stress. 
Several test systems, of varying complexity, have 
been proposed. Goodyear (1972) developed a system with 
a shallow water refuge for the prey and a deep water 
chamber for the predator. The assumption in using tests 
with a prey refuge is that the behavioral effects caused 
by the toxicant would be exhibited in the form of 
increased prey activity. This would increase the 
probability of the prey accidentally leaving the refuge 
and being consumed. Toxicant-induced lethargy may 
result in prey remaining in the refuge and lower 
mortality due to prédation. Ionizing radiation 
(Goodyear 1972) and mercury (Kania and O'Hara 1974) 
increased the vulnerability of treated mosquitofish 
(Gambusia affinis) to largemouth bass prédation in this 
test system. But largemouth bass consumption of 
mosquitofish decreased with increasing concentrations of 
ammonia (Woltering et al. 1978). At a given ammonia 
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concentration, there were greater decreases in prédation 
at high prey densities than at lower densities. This 
was attributed to the bass being more sensitive than the 
mosquitofish to ammonia and to the harassment of the 
bass by mosquitofish at high ammonia concentrations and 
high prey densities. 
Large, circular concrete pools were used by 
Hatfield and Anderson (1972) to assess the effects of 
DDT and fenitrothion on predator-prey interactions 
between Atlantic salmon (Salmo salar) and brook trout. 
They provided the Atlantic salmon parr with a refuge in 
the form of a wire box. 
Simple model ecosystems have also been used. 
Tagatz (1976) provided a sand substrate and turtle grass 
(Thalassia testudinum) as cover for grass shrimp and 
pinfish (Lagodon rhomboides) in an investigation of 
sublethal effects of mirex in an experimental estuarine 
ecosystem. Farr (1978) also used a sand substrate in 
testing the effects of methyl parathion on gulf 
killifish (Fundulus grandis), grass shimp (P. pugio), 
and juvenile sheepshead minnows (Cyprinodon variegatus). 
The killifish consumed a greater number of grass shrimp 
than sheepshead minnow when both prey species were 
exposed to methyl parathion, the reverse of prey choice 
under control conditions. 
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Sullivan et al. (1978) used circular tanks with 
graded gravel bottoms and artificial vegetation. They 
demonstrated that fathead minnow were more vulnerable to 
largemouth bass prédation after acute and subacute 
exposures to cadmium. Cadmium-exposed prey displayed 
abnormal schooling behavior, perhaps reducing the 
effectiveness of this antipredator mechanism. 
Brown et al. (1985) investigated changes in the 
predator-avoidance behavior of juvenile guppies 
(Poecilia reticulata) exposed to pentachlorophenol. 
They used aquaria with gravel and plastic plants as 
cover. Largemouth bass had higher capture success, 
performed fewer strikes and chases, and spent less time 
chasing guppies that had been exposed to 500 and 700 
ug/1 of PCP than control guppies and guppies exposed to 
100 ug/1 PCP. 
Hedtke and Norris (1980) used an experimental 
system consisting of a flow-through artificial stream 
with a sand substrate. Cover for the prey was provided 
by large stones scattered throughout the test areas. A 
predator-impenetrable refuge for the prey in the form of 
a small mesh screen was built into the upstream end of 
each test area. Increasing ammonium chloride 
concentrations significantly increased consumption rates 
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of brook trout on juvenile Chinook salmon (Oncorhynchus 
tshawytscha). 
To date, studies of toxicant-altered feeding 
behavior and predator-prey interactions have primarily 
taken an empirical approach—relying primarily on 
observation and experiment rather than having a basis in 
ecological theory. Though an empirical approach gives 
an indication of the toxicant's effect on a specific 
interaction, it is dependent upon the species 
combination and the results may not be indicative of 
effects occurring in natural communities (Hansen 1981). 
Even in artificially constructed, simple species pairs, 
the method is not consistently sensitive. For example. 
Finger et al. (1985) reported decreased prédation rates 
on chironmid larvae by bluegill exposed to fluorene 
concentrations less than 25% of the NOEC (no observed 
effect concentration) determined by a 30-day growth 
experiment. In contrast, Schneider et al. (1980) 
concluded that predator-prey interactions were not 
sensitive, sublethal indicators of stress. Fingerling 
rainbow trout exposed to phenol were not consumed by 
adult fish at a significantly greater rate than the 
controls until phenol concentrations exceeded 7 mg/1. 
This was only 3 mg/1 less than the acutely lethal 
concentration. 
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The literature is replete with examples of 
contaminant-altered fish diets in the wild. But it is 
not possible to determine from these types of 
observational studies whether fish diet was altered by 
contaminant effects on prey distribution and 
availability or altered feeding behavior of the fish. 
For example, Valentine (1980) studied the diet of 
bluegill in an Indiana lake receiving heavy metal 
contaminated effluent. Bluegill from the portion of the 
lake with high levels of contamination had predominantly 
oligochaetes and copepods in the gut. Bluegill from 
less contaminated areas of the lake had chironomids, 
?.mphipods, and cladocerans prevalent in the diet. 
Colwell and Schaefer (1980) found that the diets of 
black crappie (Pomoxis nigromaculatus) and brown 
bullhead (Ictalurus nebulosus) from experimental ponds 
treated with diflubenzuron were distinctly different 
from those of fish from control ponds. Diets of fish 
inhabiting streams receiving mining effluent have also 
been altered (Stair et al. 1984, Jeffree and Williams 
1980). 
It is obvious from this brief review that empirical 
studies are sensitive and can have great utility as 
screening tests in risk assessment. But they may not be 
realistic because of the types of food used and the test 
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methods. In studies that have emphasized behavior, 
there has been no standardization of techniques and some 
behaviors measured are of questionable ecological 
relevance. Most strictly empirical tests have limited 
predictive capability and do not lend themselves readily 
to the development of testable hypotheses of fish 
behavior in the wild. 
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A MECHANISTIC APPROACH TO FISH FORAGING AND GROWTH 
Use of Foraging Theory 
Aquatic toxicologists can utilize the âbundant 
literature and basic research already available on fish 
foraging. Laboratory studies can be designed with field 
verification in mind. A natural progression from a 
strictly empirical approach would be to develop a 
mechanistic approach—developing experiments to test 
toxicant effects that alter components of the 
interaction and therefore alter the outcome of species 
interactions. 
A large and somewhat complicated array of factors 
influences the outcome of an encounter between a fish 
predator and its prey (see Dill 1983). But if a 
mechanistic approach is taken and research is focused on 
understanding contaminant effects on the more important 
components of the prédation sequence (searching for and 
locating prey, pursuit, capture, and handling of prey 
after capture), behavioral data can be incorporated into 
current foraging models allowing the development of 
testable hypotheses of contaminant-altered feeding and 
growth in the field. 
The first phase of prédation is prey location. The 
maximum distance at which a fish can locate a specific 
prey is referred to as the reaction distance and is 
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included in most models of fish prédation on zooplankton 
(Werner and Hall 1974, Eggers 1977, Confer et al. 1978, 
Wright and O'Brien 1984). It is commonly measured by 
placing a fish at one end of a long, narrow tank and 
introducing a prey organism into the other end, beyond 
the fish's visual range. The fish is allowed to search 
for food. The point at which the fish orients toward 
the prey and begins pursuit is noted, and the distance 
from that point to the prey is measured. Independent 
measurement of the reaction distance of centrarchid 
planktivorous fish indicated a linear relationship 
between prey length and reaction distance (Werner and 
Hall 1974, Confer and Blades 1975). 
The time interval between prey capture and 
reinitiation of search is commonly referred to as 
handling time. This metric, as well as time spent 
searching for prey, is an important component of several 
models predicting the diet of fish foraging in lakes. 
Werner and Hall (1974) first presented evidence that the 
size-selective nature of bluegill prédation on 
zooplankton was related to the optimal allocation of 
time spent searching for and handling prey. They 
developed a model, based upon the relationship of prey 
search and handling time to energy return, to predict 
the diet of bluegill foraging in the pelagic zone of a 
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lake. A quantitative test of the model indicated that 
bluegill chose prey in accordance with optimal foraging 
theory. 
Optimal foraging models assume that individuals 
most efficient in feeding will be most fit, i.e., 
optimally foraging fish will acquire more energy, grow 
faster, and produce more offspring than fish foraging 
suboptimally. These average-rate-maximizing models 
construct cost/benefit relationships that incorporate 
tradeoffs between searching for and handling prey. Each 
prey item provides a fixed mean amount of energy, but a 
"cost" is also associated with each prey in terms of 
time and energy required to pursue, capture, and consume 
it. The prey model asks whether a forager should attack 
the prey it encounters or pass it over and continue 
searching. By using the model, the range of prey sizes 
eaten and the maximum net energy intake for a 
given-sized fish can be determined. Thus the rate of 
net energy intake (E^/T) can be defined as 
En/T= Z Ej -Cg (1) 
1 + E Bi Hi 
where:Ei = ei - 0% 
ei = expected net energy return gained from 
individual prey item of type i (joules) 
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= encounter rate with prey type and size i 
Hi = handling time (sec) of prey size i 
Ch = cost of handling (joules/sec) 
Cg = cost of searching (joules/sec) 
The optimal diet for a predator is that subset of 
available prey sizes that maximizes the predator's 
long-term rate of energetic intake. This subset is 
found by ranking the prey sizes from highest to lowest 
E^/H^ and then adding the sizes to the diet in order of 
increasing rank until the ratio E^/T is maximized. This 
presentation of the model follows that of Mittelbach 
(1981) and Stephens and Krebs (1986). A proof of the 
theorem can be found in Stephens and Krebs (1986) and 
Charnov (1976). 
Mittelbach (1981) expanded upon the earlier work of 
Werner and Hall (1974) by utilizing the optimal foraging 
model to predict the diet and net energetic intake of 
bluegill foraging in the pelagic, littoral, and benthic 
zones of a lake. Laboratory feeding experiments were 
performed to determine prey encounter rates and prey 
handling times for bluegill foraging on different sizes 
of zooplankton, damselfly naiads, and midge larvae. 
Other parameters of the model, such as search costs for 
prey, were measured in the laboratory or obtained from 
the literature. Predictions of bluegill prey size 
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selection and habitat use, based upon maximization of 
net energetic gain, were then examined for bluegill in a 
small Michigan lake. The ambient prey size-frequency 
distribution was compared with that of the model and the 
fishes' stomach contents. The model closely predicted 
the actual diet and habitat use of bluegill in the lake 
(Figure 1 a-c) and confirmed the utility of this 
mechanistic approach to the study of fish foraging. 
Several studies suggested that the ability of fish 
to encounter and handle prey may be impaired by 
contaminant stress. Nyman (1981) reported that 
zebrafish exposed to 100 ug/1 lead for 14 days had an 
increased handling time and decreased reaction distance 
compared with control fish feeding on live Daphnia. 
Reductions in reaction distance have also been observed 
for bluegill exposed to fluorene (Finger et al. 1985), 
and handling time increased for zebrafish exposed to 
alkyl benzene sulfonate (Cairns and Loos 1967) and 
bluegill exposed to copper (Sandheinrich and Atchison 
1988). 
A reexamination of the optimal foraging model and 
the ambient size frequency distribution of invertebrates 
presented in Mittelbach (1981) allows predictions to be 
made of the diet of bluegill in the lake if prey 
handling times were altered by a toxicant. An 
Figure 1. Size,-frequency distributions of prey available 
in littoral zone of lake (a), actual diet of 
125 mm bluegill from lake (b), predicted 
optimal diet for untreated 125 mm bluegill 
(c), and predicted optimal diet for bluegill 
exposed to toxicant that causes increase in 
handling time (d) (see text). Figures la-c 
modified from Mittelbach (1981a) 
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equivalent proportional increase in handling time for 
all prey sizes would change the predicted size-frequency 
distribution of prey in the bluegill diet, and would 
result in a lower rate of net energy intake. For 
example, an increase in handling time of 25% or 50% 
would result in reduction of 4.6% (1.09 to 1.04 j/s) and 
9% (1.09 to 0.99 j/s), respectively, in rate of energy 
acquisition. An unequal increase in handling times for 
prey size classes would also alter the optimal diet. 
For example, if the percentage increase in handling time 
followed the pattern illustrated in Figure 2, then the 
mean prey size in the gut would increase from 7.86 mm to 
8.81 mm and the optimal size-frequency distribution 
would also change (Figure Id), Studies of copper 
effects on bluegill foraging suggest that handling time 
increases of 50% to 100% are not unusual and are not 
equal across all prey size classes (Sandheinrich and 
Atchison 1988). 
Though a foraging model may predict the optimal 
diet of fish, it may not predict contaminant effects on 
growth. Reduction in the rate of net energy intake may 
be compensated for by an increase in time spent 
foraging. Bioenergetic models complement foraging 
models by predicting changes in growth as a function of 
Figure 2. Increases in handling time (proportion 
increase) relative to prey size for 125 mm 
bluegill exposed to hypothetical toxicant; 
used to predict optimal diet (see Figure Id) 
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changes in physiological rates and amount of food 
consumed. 
A Bioenergetic Model 
I present a bioenergetic model for bluegill that is 
similar in approach to that developed for yellow perch 
and walleye by Kitchell et al. (1977) and also present a 
hypothetical example of the effect of toxicant-altered 
feeding on bluegill growth. This approach has been used 
in studies of contaminant uptake by lake trout 
(Weininger 1978) , to assess the impact of sea lampreys 
(Petromyzon marinus) on host fishes (Kitchell and Breck 
1980) and that of salmonids on the Lake Michigan forage 
base (Stewart et al. 1983). Bioenergetic models have 
also been used to predict the stocking success of three 
species of esocids in lakes with different thermal 
regimes (Bevelheimer et al. 1985). Similarly, energetic 
models have been developed for largemouth bass (Rice et 
al. 1983, Rice and Cochran 1984) and alewives, Alosa 
pseudoharenqus (Stewart and Binkowski 1986). 
The energy budget for bluegill, as well as other 
fish, can be summarized by the following equation: 
dB/Bdt = C - (Rg+a + ^sdA + F + U) (2) 
where dB/Bdt = specific growth rate (g g"^ d~^), C = 
specific rate of food consumption, Rg+A ~ specific rate 
of standard metabolism plus metabolism due to activity. 
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RgDA " specific dynamic action (metabolic cost of 
processing and assimilating food), F = specific egestion 
rate, and U = specific excretion rate. All components 
of the model can be converted between mass and energy 
units. For this application, grams of biomass were 
converted to energy units by using a conversion of 1 g = 
4.184 KJ for both bluegill and prey. 
The consumption rate, C, is represented as a 
function of the maximum consumption rate for an 
individual of a given size at a specified temperature: 
Cmax ^ ^ c (3) 
where = a B the weight-specific maximum 
consumption rate at the optimum temperature for 
consumption, B = fish biomass (g), a and b are 
species-specific constants, and r^ = a temperature 
dependent proportional adjustment of consumption. 
Growth must be less than or equal to that attainable at 
maximum consumption. Therefore, model estimates of 
maximum ration are adjusted by the use of a proportional 
constant, P (0 to 1.0), until the model fits observed 
growth. All parameters of eq. (3) were obtained from 
published studies on bluegill, if available, or from 
studies on other species, if necessary. The value of a, 
the intercept for maximum consumption was 0.24 (McComish 
1970), i.e., a 1 g bluegill would have a maximum daily 
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consumption rate of 24% of its body weight at the 
optimum temperature. The value of the weight exponent, 
b = -0.30 was taken from bioenergetic models of 
largemouth bass (Niimi and Beamish 1974) and is within 
the range of estimates of -0.241 for brown trout, Salmo 
trutta (Elliott 1976), -0.307 for lake trout, Salvelinus 
namaycush (Stewart et al. 1983), -0.30 for alewives 
(Stewart and Binkowski 1986), -0.325 for largemouth bass 
(Rice et al. 1983), and -0.35 for sockeye salmon, 
Oncorhynchus nerka (from data in Brett 1971, presented 
in Stewart et al. 1983). 
Temperature dependence of maximum ration, r^, was 
modeled with the algorithm of Thornton and Lessem 
(1978): 
= k^exp f Yj (0 - 0j^) ] 
1 + k, exp [YI (0 - 01 ) I - 1 
(4) 
where 1 = ^ in ^2 (5) 
®2 " ®1 . (l-k2) 
and where: r = temperature specific proportional 
^ adjustment 
= specific rate constant 
0 = environmental temperature 
9^ = lower threshold temperature 
e = temperature at maximum rate 
2 
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k- = reaction rate multiplier near lower 
threshold temperature 
k = reaction rate multiplier at optimum 
temperature 
The values of these parameters as well as those of other 
variables in the model are presented in Table 4. 
Respiration rates (standard and active) were 
estimated by using the algorithm of Wohlschlag and 
Juliano (1959): 
y = -2.1951 + 1.0621 XI + 0.0138 X2 + 0.0567 X3 (6) 
where y = log oxygen consumption rate (g ~^), XI = log 
bluegill body weight (g), X2 = swimming velocity (m 
min-1), and X3 = temperature (C). A swimming speed of 
1.5 m min"^ was used for the simulation. This is well 
within the range of speeds exhibited by foraging fish 
(Mittelbach 1981), but may overestimate prolonged 
swimming speeds during nonforaging periods. However, 
only minor changes in energetic costs occur with changes 
in swimming speed. For example, a 25 g bluegill at 22 C 
expends only 10% more energy swimming at 3 m min"^ than 
while at rest. Oxygen consumption was converted to 
joules expended by assuming 1 mg oxygen = 13.56 J 
(Elliot and Davison 1975). 
Pierce and Missing (1974) measured the specific 
dynamic action of bluegill fed mayfly nymphs (Hexagenia 
Table 4. Symbols and parameter values used in the bioenergetic model for 
simulating growth of bluegill 
Reference Symbol Parameter Parameter 
equation description value 
3 (C) a Intercept for maximum consumption 0.24 
(g g-1 day-1) 
b Weight dependent exponent for maximum -0.30 
consumption 
4 and 5 Specific rate constant 
0 Environmental temperature (°C) 21 
G Lower threshold temperature for 4 
1 
consumption (°C) 
0^ Optimal temperature for consumption (°C) 30 
k Reaction rate multiplier at lower 0.1 
threshold 
k Reaction rate multiplier at optimum 0.98 
2 temperature 
(R ^ ) y Log oxygen consumption rate (mg 0 h ^) varies 
^ with XI 
XI Log bluegill body weight 
X2 Swimming velocity (m min ~^) 1.5 
X3 Water temperature (° C) 21 
7 (Rcna) S Proportion of consumed energy utilized 0.127 
^ in apparent SDA 
8 (F) f Proportion of consumed energy lost 0.20 
through egestion 
9 (Û) u Proportion of consumed energy lost 0.05 
through excretion 
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limbata). Apparent SDA was 12.7% of the caloric content 
of the daily ration. Therefore, for bluegill 
BSDA= S C (7) 
where S = proportion of consumed energy utilized in 
apparent SDA and C = specific consumption rate. Energy 
losses from egestion (F, feces) and excretion (U, 
ammonia and urea) vary considerably with changes in 
temperature and ration (Elliott 1976), but their sum 
remains fairly constant (Kitchell et al, 1977). 
Therefore, egestion and excretion rates are assumed to 
be a constant proportion of the total energy consumed: 
F= f C (8) 
U= u C (9) 
Based on data from McComish (1970), the values of 0.2 
for f and 0.05 for u are used. 
As previously stated, many toxicants cause 
short-term or long-term reductions, which begin almost 
immediately after exposure, in fish feeding Current 
chronic growth studies do not allow utilization of this 
information to make long-term predictions of growth, the 
standard endpoint. Food consumption rates are not 
measured, and it is not possible to attribute 
alterations in growth to reductions in food intake or to 
the additional physiological stress that the toxicant 
makes on a fish's metabolic rate. 
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The parameters and values described in the 
preceding section, in conjunction with data on bluegill 
growth presented by McComish (1970), were used to 
perform simulations of the growth of bluegill exposed to 
a hypothetical toxicant that causes a 10%, 25%, or 50% 
decrease in food consumption. Temperature, caloric 
value of the food, and other parameters in the model 
were held constant. 
First, the proportion (P) of the maximum food 
consumption rate was adjusted so that the model values 
were within one standard deviation of the observed data 
of McComish (1970). Simulations using consumption rates 
of 90%, 75%, and 50% of control values resulted in a 
marked reduction in bluegill growth (Figure 3). Even 
with large variance in actual growth of the bluegill due 
to small (n = 5) sample size, the model suggests that 
statistically significant differences in growth may be 
seen between "control" fish and those treated with 
toxicant concentrations that cause feeding reductions of 
as little as 10%, Bioenergetic models could be 
incorporated into standard chronic toxicity tests by 
monitoring of food consumption rates. 
Figure 3. Model simulation of live bluegill biomass at 
different consumption rates compared with 
observed data over a 360 day period. Observed 
data (from McComish 1970) are mean weights (g) 
+ 1 S.D. (n=5) for fish under conditions of 
constant photoperiod (12 1:12 d), constant 
temperature (21 C), and ad libitum feeding, 
a) bioenergetic model predicted growth for 
control fish, b) predicted growth for fish 
with 10% reduction in food consumption, c) 
predicted growth for fish with 25% reduction 
in food consumption, d) predicted growth for 
fish with 50% reduction in food consumption 
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CONCLUSIONS 
Woltering (1984) questioned the utility of growth 
as an endpoint in chronic toxicity tests because this 
parameter was less sensitive than reproduction or 
survival to toxicant stress in more than 70% of the 
studies in the literature. However, the relative 
insensitivity of growth as an indicator of toxicant 
stress may be attributed to the manner in which growth 
and feeding studies are conducted. Fish in natural 
systems are not presented with high energy, easily 
managed energy packets that they may consume at leisure 
in an unstructured environment. Empirical studies in 
the laboratory have not been ecologically 
They are not sensitive to subtle changes in foraging 
costs caused by contaminant stress and have little 
ability to predict a priori the diet and growth of fish 
in the wild. There is no published example to date of a 
laboratory feeding study that has been field verified. 
It is virtually impossible to duplicate exactly 
ecologically complex natural systems in the laboratory. 
But the use of mechanistic approaches to assessing 
contaminant effects on fish foraging behavior, in 
conjunction with standard chronic tests, may make it 
possible to predict chemical effects on fish in the wild 
from laboratory data. 
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ABSTRACT 
The effects of 4 copper concentrations (0, 25, 150, 
1800 ug/1) on the foraging behavior of bluegill Lepomis 
macrochirus were examined with 12 separate experiments. 
Two experiments assessed copper effects on the reaction 
distance of bluegill to two sizes of untreated 
zooplankton. Ten experiments assessed copper effects on 
the functional response of bluegill to untreated (5 
tests) and treated (5 tests) invertebrate prey. Prey 
used in these experiments were: Daphnia pulex, D. magna 
(Cladocera), Hyalella azteca (Amphipoda), and 2 sizes of 
Enallagma sp. (Zygoptera). Copper had no effect on the 
reaction distance of fish to zooplankton. There was a 
significant negative dose-response relationship for 
consumption rates of all untreated prey but not treated 
prey groups. Prey handling time for bluegill capturing 
treated and untreated prey increased significantly with 
copper concentration and was the most consistently 
sensitive parameter measured. Capture efficiency by 
bluegill, although altered by copper for some prey 
types, was not as consistent a measure of toxicant 
stress. This study suggests that mechanistic measures 
are consistent indicators of toxicant effects on fish 
feeding behavior and that copper concentrations as low 
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as the USEPA water quality criteria may alter food 
consumption and reduce growth of fish in the wild. 
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INTRODUCTION 
Establishment of water quality criteria and 
assessment of a chemical's potential hazard to aquatic 
life rely primarily on standard acute and chronic 
toxicity tests (USEPA 1985a, Maki 1979). Though these 
tests are often sensitive to xenobiotic effects on the 
physiological components of fish reproduction, growth, 
and survival they do not assess sublethal alterations in 
ecologically important behaviors. Behavioral tests have 
generally been excluded from the hazard assessment 
process primarily because of the lack of test 
standardization and the difficulty of field verification 
of laboratory results. These drawbacks seem to be 
rectifiable with further research. Several reviews have 
demonstrated the sensitivity of fish behavioral tests to 
toxicant stress (011a et al. 1980, Westlake 1984, Little 
et al. 1985, Rand 1985, Atchison et al. 1987). 
Standard chronic toxicity tests may be insensitive 
to some effects. For example, Woltering (1984) 
questioned the utility of growth measures in determining 
the lowest observed effect concentration (LOEC) because 
this parameter was less sensitive than reproduction or 
survival in over 70% of the studies in the literature. 
However, the relative insensitivity of growth as an 
indicator of toxicant stress may be attributed to the 
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manner in which growth and feeding studies are 
conducted. Pish are typically fed a high density and 
low variety of non-living food (e.g., trout pellets, 
dried flakes, frozen brine shrimp) in an unstructured 
environment. Consequently, fish are not challenged to 
locate, pursue, and capture specific prey as they would 
be under natural conditions. The behavioral aspects of 
growth are seldom considered in these laboratory tests, 
yet may be the most important component of toxicant 
effects in the field. 
In previous studies, the most common observation of 
toxicant altered feeding behavior was cessation of 
feeding or reduction in the amount of artificial food 
consumed (Sandheinrich and Atchison 1988). Changes in 
the number of live prey attacked and captured, latency 
to feed, and capture efficiency have also been 
documented. In tests using live prey, treated fish were 
typically presented with untreated prey and allowed to 
feed for a predetermined time interval. Significant 
differences in prey consumption as compared to control 
fish were used as an indication of a chemical effect. 
These tests did not compare the consistency of effect 
with treated prey or with different prey types. These 
previous studies had little basis in ecological theory 
and their strictly empirical nature precluded 
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development of testable hypotheses amenable to field 
verification of laboratory results. Recent studies 
(e.g., Werner 1977, Mittelbach 1981, Wright and O'Brien 
1984) have demonstrated the utility of a mechanistic 
approach in using laboratory data to predict the diet 
and habitat use of fish in the field. It remains now to 
demonstrate the utility of this approach in 
toxicological studies involving fish behavior. 
Copper was chosen as.the toxicant in this study 
because of its association with many point and nonpoint 
industrial sources and the application of copper sulfate 
as an algicide and molluscicide. More behavioral 
toxicological research has been done on copper than on 
any other metal (Atchison et al. 1987) and much 
information is available on its toxicity to aquatic life 
and on its chemistry (e.g., Lett et al. 1976, Nriagu 
1979, Anderson et al. 1980, Ingersoll and Winner 1982) . 
The objectives of this study were (1) to compare 
copper concentrations that alter feeding behavior of 
bluegill (Lepomis macrochirus) with those estimated to 
be below concentrations that change growth, 
reproduction, and survival of this species in the 
laboratory (i.e., the estimated MATC); (2) to compare 
copper concentrations causing altered feeding behavior 
in bluegills with concentrations designated by the U.S. 
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EPA (USEPA 1985b) as safe for aquatic life (i.e., the 
national water quality criteria); (3) to compare the 
sensitivity of copper-induced changes in mechanistic 
measures of foraging (reaction distance, handling time) 
to more common measures of foraging success (number of 
prey captured and capture efficiency); and (4) to assess 
these behavioral changes using both untreated and 
treated prey of various species and sizes. 
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METHODS 
Test Organisms 
Bluegill used in acute lethality and behavioral 
tests were obtained from a private hatchery. Damselfly 
naiads, Enallagma sp, (Zygoptera; Coenagrionidae) were 
obtained from local ponds. Amphipods (Hyalella azteca) 
and zooplankton (Daphnia magna and D_j_ pulex) were 
obtained from laboratory cultures. All test organisms 
were cultured or maintained in water with the same 
chemical characteristics as that used in the experiments 
(Table 1). Bluegill were acclimated in the lab for at 
least 2 weeks prior to an experiment. 
Acute Copper Toxicity to Bluegill and Prey 
Median lethal copper concentrations were 
determined for each test species and were used to select 
test concentrations for the feeding experiments. A 
flow-through 96 h LC50 was determined for bluegill and a 
static 48 h LC50 was determined for Daphnia magna, D. 
pulex, Enallagma sp., and Hyalella azteca. Water 
quality characteristics were similar to those measured 
in the behavioral experiments (Table 1) with the 
exception of water temperature. The water temperature 
measured in the bluegill acute test was 18 + 0.5 C and 
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Table 1. Water quality characteristics of water used in 
functional response and reaction distance 
experiments (mean +_ SE, n=12) 
Characteristic mean+SE 
Temperature (C) 21.5+1.9 
Dissolved oxygen (mg/1) 8.5+0.4 
pH 7.5+0.4 
Alkalinity (mg/1 as CaCO ) 31.4+6.6 
Hardness (mg/1 as CaCO ) 157+8 
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the temperature of the invertebrate acute tests was 20 jk 
0.5 C. 
Reagent grade anhydrous copper sulfate (CuSO^) was 
the copper source for the toxicant solutions. Three 
copper concentrations and a control were used to 
determine bluegill LC50, and 5 concentrations and a 
control were used in the invertebrate tests. Twenty 
animals were exposed to each copper concentration and 
the control, with the exception of the damselfly test 
with 10 naiads per concentration. 
Except for the damselflies, tests were done using 
methods described in Buikema and Cairns (1980), American 
Public Health Association et al.(1985), and American 
Society for Testing and Materials (1980). Juveniles 
were used for the bluegill, amphipod and damselfly 
tests; neonates for Daphnia tests. Damselfly naiads 
were individually exposed to copper in 250 ml beakers to 
minimize mortality due to cannibalism. Median lethal 
copper concentrations were estimated using actual copper 
concentrations and the trimmed Spearman-Karber method 
(Hamilton et al. 1977, 1978) and are presented in Table 
2 .  
Functional Response Experiments 
Ten functional response experiments tested for 
effects of copper on the ability of bluegill to capture 
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Table 2. Median lethal copper concentrations (LC50, 
ug/1) and 95% confidence intervals (C.I.) for 
test organisms used in behavioral experiments 
Species Duration (h) LC50 95% C. I. 
(ug/1) (ug/1) 
Lepomis macrochirus 96 3750 2910 - 4830 
Enallagma sp. 48 3106 1789 - 5395 
Hyalella azteca 48 140 112 - 175 
Daphnia magna 48 34 29 - 41 
Daphnia pulex 48 23 19 - 29 
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treated (5 tests) and untreated prey (5 tests) (Table 
3). Each experiment with untreated prey used 48 
bluegill, 6 assigned randomly to each of 8 35-1 
flow-through tanks. Individual bluegill were identified 
by cold branding (Everest and Edmundson 1967, Fugihara 
and Nakatani 1967). Fish were maintained at 22 C inder a 
16 h light;8 h dark photoperiod, and were fed frozen 
brine shrimp (Artemia salina) until satiation twice 
daily during a one week acclimation period. Fish were 
fed ad libitum immediately after each day's foraging 
trial and then starved for approximately 18 h prior to 
the start of a new trial the next day. 
Each experiment consisted of a control period (4-6 
d) followed by a treatment period (4 d). The daily 
experimental format involved transferring individual 
bluegill from their treatment tank to a 60-1 aquarium 
with known prey composition (type, size, density) (Table 
3). Aquaria used with zooplankton prey were unmodified. 
Aquaria used with amphipod and damselfly prey were 
modified to represent the littoral zone of a lake. 
Pieces of green polypropylene rope (15 cm long) were 
anchored along 3/4 of the bottom as artificial aquatic 
plants (200/m2). in addition to the artificial 
vegetation, a 3 cm layer of sand was used in aquaria 
with Hyalella. 
Table 3. Predator (standard length), prey (length), prey density, and nominal 
copper concentrations used in functional response experiments 
Predator 
(mm+sd) 
Prey 
(mm+sd) 
Prey density (#/l) Nominal 
Concentrations (ug/1) 
bluegill 
(47.7+2.9) 
bluegill 
(48.4+2.1) 
bluegill 
(39.8+2.3) 
bluegill 
(43.5+3.9) 
bluegill 
(51.8+2.9) 
Enallagma sp. 
(13.6+1.0) 
Enallagma sp. 
( 8 . 2 + 0 . 6 )  
Hyalella azteca 
(3.2+0.9) 
Daphnia magna 
(2.4+ 0.3) 
Daphnia pulex 
(1.6+0.3) 
Untreated Prey 
0.5, 2.6, 5.3 
2.6, 5.3, 10.6 
3, 6, 18 
0.5, 2.5, 15 
2.5, 15, 30 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
bluegill 
(46.2+3.5) 
bluegill 
(54.7+3.0) 
Enallagma sp. 
(13.6+1.0) 
Enallagma sp. 
(9.4+0.9) 
Treated Prey 
0.5, 2.6, 5.3 
2.6, 5.3, 10.6 
0, 25, 150 
0, 25, 150 
blueg ilI 
( 4 0 . 3 + 2 . 6 )  
bluegill 
( 5 4 . 2 + 2 . 9 )  
bluegill 
( 4 9 . 6 + 2 . 4 )  
Hyalella azteca 
( 3 . 2 + 0 . 9 )  
Daphnia magna 
( 2 . 4 +  0 . 3 )  
Daphnia pulex 
( 1 . 6 + 0 . 3 )  
r 18 
2 . 5 ,  1 5  
1 5 ,  3 0  
0 ,  2 5 ,  1 5 0  
0 ,  2 5  
0 ,  2 5  
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Untreated prey were initially introduced into the 
test aquaria the day prior to initiation of an 
experiment and appeared to rapidly acclimate. Consumed 
prey were replaced prior to the start of each new 
feeding trial. Two bluegill from each treatment tank 
were placed singly in each prey density (8 tanks of 
fish, 6 fish per tank, 3 prey densities). After 
initiation of feeding, bluegill were allowed to feed for 
30 s in zooplankton experiments and for 3 minutes in 
macroinvertebrate experiments and then returned to their 
respective treatment tanks. If a fish did not feed or 
search for prey within 5 minutes, the trial was ended. 
The order in which the tanks of fish were tested was 
randomized daily and individual fish were presented with 
the same prey density during the entire experiment. 
Data recorded were number of prey attacked, number 
of prey captured, handling time per prey, capture 
efficiency, and whether the fish searched for prey or 
remained motionless at the bottom of the tank 
(motivation to feed). Capture efficiency was defined as 
the proportion of prey attacked that were captured. 
Fish were observed directly; a video camera was also 
mounted over each tank to record the feeding sequence. 
Handling times for Hyalella and Enallagma were 
measured as the time from prey capture until search was 
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reinitiated. Previous studies have found Daphnia 
handling times to be too short to be measured in this 
manner (Ware 1972, Werner 1977, Mittelbach 1981). 
Instead, they used the asymptotic value of time per prey 
captured as prey density increased to determine minimum 
handling time. However, in this study the bluegill did 
not feed continuously during the 30 s time interval, 
especially those fish treated with copper. Therefore, 
average handling times for bluegill continuously feeding 
over shorter time intervals were measured from the video 
tapes. Time required to capture 3 or more Daphnia was 
measured and divided by the number of prey captured - 1. 
After the control feeding period, bluegill in the eight 
tanks were exposed to 1 of 4 copper concentrations (2 
replicates per concentration). The nominal 
concentrations were 0, 25, 150, and 1800 ug/1. 
Respectively, these concentrations represented; 1) a 
control, 2) the 1985 USEPA water quality criteria for 
copper expressed as a 96-h average (USEPA 1985b), 3) the 
maximum acceptable toxicant concentration for bluegill 
exposed to copper (MATC), and 4) approximately one-half 
of the 96-h LC50 for bluegill. The MATC was calculated 
using the application factor of 0.04 derived from a 
previous chronic study done (Benoit 1975) and the 96-h 
LC50 determined in this study. Reagent grade anhydrous 
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copper sulfate was mixed with distilled water, acidified 
with 5 ml HCl per liter of stock solution, and 
distributed via a peristaltic pump and a dilution water 
system as a constant flow to the treatment tanks. Stock 
solutions for control tanks were made from distilled 
water and acid only. Each tank received aerated, 
dechlorinated, charcoal-filtered municipal tap water at 
a rate of 100 + 5 ml per min for a calculated 
replacement time of 4 hours. 
After the first 24 h of copper exposure, the 
feeding behavior of each fish was again tested during 
the next 4 days of exposure. During the feeding trials, 
the fish were removed from their treatment tanks and 
presented with untreated prey in test tanks with water 
containing only background levels of copper. 
Feeding experiments conducted with treated fish and 
treated prey had control periods similar to those 
previously described. Copper concentrations used during 
the treatment period were at or below the 48-h LC50 for 
the invertebrate species used in each experiment (Table 
2). There was a pair of control tanks for each pair of 
fish tanks receiving copper. For example, in 
experiments using treated Enallaqma as prey, 2 tanks 
received 25 ug/1 copper and 2 tanks served as controls 
for fish treated with 25 ug/1 copper. Fish in these 4 
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tanks were presented with prey that had been treated 
with 25 ug/L copper. In addition, 2 tanks received 150 
ug/1 copper and 2 tanks served as controls for fish 
treated with 150 ug/1 copper. All fish in these 4 tanks 
were presented with prey treated with 150 ug/1 copper. 
During the treatment period, invertebrates were 
maintained in aquaria which received overflow water from 
fish tanks subjected to treatment with copper. There 
were no untreated prey. Fish from treated tanks 
receiving copper, as well as controls, were presented 
with treated prey in tests tanks with copper 
concentrations similar to the treated fish tanks. 
Treatment periods were often less than 4 days because of 
mortality of copper treated invertebrates and reductions 
in stock prey populations. 
Reaction Distance Experiments 
An experimental design similar to that described 
for functional response experiments with untreated prey 
was used to assess copper effects on the ability of 
bluegill to locate prey. In two separate experiments, 
copper effects on the reaction distance of bluegill to 
one size class of untreated Daphnia magna and one size 
class of untreated 2". Pulex were determined (Table 4). 
Reaction distance was defined as the distance between 
Table 4. Predator (standard length), prey (length), and nominal copper 
concentrations used in reaction distance experiments 
Nominal Copper 
Predator (mmj^sd) Prey (mmj^sd) Concentrations (ug/1) 
bluegill (43. 3+3. 4) Daphnia magna (2. 5+0. 3) 0, 25, 150, 1800 
bluegill (51. 8+2. 9) Daphnia pulex (1. 6+0. 3) 0, 25, 150, 1800 
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the fish and prey at which the fish orients toward and 
begins pursuit of the prey. 
Three fish were each assigned to the 8 treatment 
tanks. Reaction distance of each bluegill was 
determined for 4 consecutive days prior to and during 
copper exposure (0, 25, 150, 1800 ug/1) using methods 
similar to those described by Confer and Blades 1975, 
Eggers 1977, and O'Brien 1979. Individual bluegill were 
transferred to a clear plexiglass chamber (100 x 10 x 10 
cm) with a ruled background and presented with single 
prey via a manually controlled device which dropped 
individual Daphnia into the chamber at the opposite end 
from the fish and beyond its visual range. Fish were 
allowed to feed for 10 minutes or until 10 Daphnia were 
consumed. After each trial the fish were returned to 
their respective tanks. A video cassette recording 
system was used to record each experiment for later 
measurement of reaction distance. Over 4000 functional 
response and reaction distance trials were done using 
these methods. 
Water Chemistry 
Water samples for copper analysis were collected 
twice during each treatment period. Duplicate samples 
were taken from each tank and acidified to pH <2 with 
HCl. One sample from each duplicate was filtered 
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through a 0.45 micron filter and both samples were then 
refrigerated for later analysis. Samples containing 
nominal copper concentrations of 1800 ug/1 were analyzed 
by direct aspiration into an atomic absorption-flame 
ionization spectrophotometer. Samples containing 
nominal concentrations less than 1800 ug/1 copper were 
first extracted with an organic solvent based on 
techniques of Brown et al. (1970) and Rinrade and 
VanLoon (1974) as modified by Shephard (1976) and then 
analyzed by atomic absorption-flame ionization 
spectrophotometry. Nominal and actual copper 
concentrations for foraging experiments are presented in 
Table 5. 
Statistical Procedures 
Functional response experiments were a split-plot 
statistical design with repeated measures in which the 
treatment tanks were the experimental units (Winer 
1971). The method allows the use of data from several 
dates when comparing treatment effects, but without the 
assumption that sampling dates are independent of each 
other. The linear statistical model contained copper as 
the main-plot treatment effect. In testing this effect 
for experiments with untreated prey, the variance of the 
treatment tanks nested within copper was used as the 
error term (F with 1,4 df). The subplot contained the 
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Table 5. Nominal and mean actual copper concentrations 
for filtered and unfiltered samples from each 
treatment tank. Mean+SE based on minimum of 2 
replicates from each treatment for each of 12 
functional response and reaction distance tests 
Nominal Filtered sample Unfiltered sample 
(ug/1) (ug/1) (ug/1) 
control 
25 
150 
1800 
6+5 
32+11 
191+88 
1710+104 
5+5 
31+12 
180+60 
1710+136 
86 
effects of prey density (F with 2,32 df) and 
interactions of copper with prey density (F with 6,32 
df). The variance of fish nested within copper, tank, 
and prey density plus the variance of the interaction 
between prey density and tank nested within copper was 
used as the subplot error term. A similar analysis of 
variance was done for experiments with treated prey, but 
with slightly different degrees of freedom because of 
fewer copper concentrations used than in experiments 
with untreated prey. Similarly, copper effects on 
bluegill reaction distance (F with 1,4) were analyzed 
using the variance of tanks nested within copper as the 
error term. All analysis of variance (ANOVA) tests were 
done using the Statistical Analysis System (SAS) General 
Linear Models (GLM) procedure (SAS Institute, Inc. 
1985). Null hypotheses were rejected at p <.05. 
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exception of the experiments using treated Dg_ pulex 
(Figure 6a) and large damselflies (Figure 10a). Copper 
had a significant effect on bluegill response to prey 
density for large damselflies only (P with 4,18 df). 
There was no difference in capture rates of control fish 
between prey treated with 25 ug/1 copper and prey 
treated with 159 ug/1 copper. As for bluegill foraging 
on untreated prey, there was a negative relationship 
between consumption of treated prey and copper 
concentration (Figures 6b-10b). But, due to variability 
in the data, this association was not statistically 
significant. 
Except for D. pulex (Figure Ic), the amount of time 
required for bluegill to handle individual, untreated 
prey sisgnificantly increased with copper concentration 
(F with 1,4 df) (Figures 2c-5c). Prey density had no 
effect on handling times and deviations from the linear 
model were nonsignificant. Handling times for bluegill 
capturing treated prey followed the same pattern 
(Figures 6c, 8c-9c). Increases in handling time were 
significiant for all treated prey (F with 2,3 df), 
except pulex, and large Enallaqma sp. Mortality of 
treated D. magna, due to copper, resulted in an 
experiment lasting only 2 days and insufficient data 
Figure 1. Results of functional response experiments of 
bluegill foraging on untreated Daphnia pulex; 
a) prey consumption of control and treated 
bluegill relative to prey density (control 
« ———", 25 ug/1 • — — 150 
ug/1 • III—, 1800 ug/1 • miiiHiinmm) ; b) 
copper effects on prey consumption averaged 
over all prey densities; y * 9.28 - 1.57 log 
X, « 0.50, p < 0,05, S.E." 1.58; c) copper 
effects on prey handling time; y » 1.24 + .17 
log X, r2 « 0.37, p > 0.05, S.E." 0.16 
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Figure 2. Results of functional response experiments of 
bluegill foraging on untreated Daphnia magna; 
a) prey consumption of control and treated 
bluegill relative to prey density (control 
= , 25 ug/1 = — — — — 150 ug/1 
= —— —• , 1800 ug/1 = I ) ; b) 
copper effects on prey consumption averaged 
over all prey densities; y = 14.08 - 1.61 log 
X, r2 = 0.70, p < 0.05, S.E. = 0.87; c) 
copper effects on prey handling time; y = 
0.99 + 0.36 log x, r2 = 0.63, p < 0.05, S.E. 
=  0 . 2 0  
o 
Daphnia magna 
O" 01 
PREY EATEN/TIME (30 ##cl PREY EATEN/TIME (30 ••c> 
Figure 3. Results of functional response experiments of 
bluegill foraging on untreated Hyalella 
azteca; a) prey consumption of control and 
treated bluegill relative to prey density 
(control = f 25 ug/1 = — — — — 
150 ug/1 = 1800 ug/1 = miiiiiMiniiiii ) ; 
b) copper effects on prey consumption 
averaged over all prey densities; y = 6.90 -
1.19 log X, = 0.85, p < 0.01, S.E.= 0.49; 
c) copper effects on prey handling time; y = 
2.58 - 0.72 log x, R^ = 0.63, p < 0.05, S.E. 
= 0.59 
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Figure 4. Results of functional response experiments of 
bluegill foraging on untreated small 
Enallagma sp.; a) prey consumption of control 
and treated bluegill relative to prey density 
(control = 25 ug/1 = —— — , 150 
ug/1 = ——, 1800 ug/1 = b) 
copper effects on prey consumption averaged 
over all prey densities; y = 4.51 - 1.15 log 
X, r2 = 0.88, p < 0.01, S.E. = 0.81; c) 
copper effects on prey handling time; y = 
2.44 + 0.67 log x, = 0.68, p < 0.05, S.E.= 
0.43 
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Figure 5. Results of functional response experiments of 
bluegill foraging on untreated large 
Enallaqma sp.; a) prey consumption of control 
and treated bluegill relative to prey density 
(control = 25 ug/1 = 150 
ug/1 = •— -i—•, 1800 ug/1 = I i i u u m i m i m )  ; b) 
copper effects on prey consumption averaged 
over all prey densities; y = 1.68 - 0.32 log 
X, R = 0.84, p < 0.01, S.E.= 0.13; c) copper 
effects on prey handling time; y = 5.62 + 
1.02 log X, R^ = 0.79, p < 0.05, S.E.= 0.53 
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Figure 6. Results of functional response experiments of 
bluegill foraging on treated Daphnia pulex; 
a) prey consumption of control and treated 
bluegill relative to prey density (control 
= ——25 ug/1 b) copper 
effects on prey consumption averaged over all 
p r e y  d e n s i t i e s ;  y  =  4 . 4 8  +  0 . 1 6  l o g  x ,  =  
0.05, p > 0.50, S.E.= 0.35; c) copper effects 
on prey handling time; y = 1.05 + 0.05 log x, 
R^ = 0.38, p > 0.25, S.E.= 0.12 
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Figure 7. Results of functional response experiments of 
bluegill foraging on treated Daphnia magna ; 
a) prey consumption of control and treated 
bluegill relative to prey density (control 
= , 25 ug/1 =• — — — •); b) copper 
effects on prey consumption averaged over all 
prey densities; y = 6,06 - 1.54 log x, = 
0.44, p > 0.25, S.E.= 1.21 
Daphnia magna 
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Figure 8. Results of functional response experiments of 
bluegill foraging on treated Hyalella azteca; 
a) prey consumption of control and treated 
bluegill relative to prey density (control 
= 25 ug/1 150 ug/1 = 
——— ); b) copper effects on prey 
consumption averaged over all prey densities; 
y = 5.52 - 0.07 log x, = 0.009, p > 0.50, 
S.E.= 0.53; c) copper effects on prey 
handling time; y = 2.12 + 0.56 log x, = 
0.83, p < 0.01, S.B.= 0.10 
o 
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Figure 9. Results of functional response experiments of 
bluegill foraging on treated small Enallaqma 
sp.; a) prey consumption of control and 
treated bluegill relative to prey density 
(control = 25 ug/1 = — — -, 150 
ug/1 = — ——) ; b) copper effects on prey 
consumption averaged over all prey densities; 
y = 2.56 - 0.37 log x, = 0.37, p > 0.05, 
S.E.= 0.37; c) copper effects on prey 
handling time; y = . 55+0.53 log x, R^ = 
0.80, p < 0.01, S.E. = 0.19 
Enallagma sp. (small) 
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Figure 10. Results of functional response experiments 
of bluegill foraging on treated large 
Enallaqma sp.; a) prey consumption of control 
and treated bluegill relative to prey density 
(control 25 ug/1 =• — —••, 150 
ug/1 = " ); b) copper effects on prey 
consumption averaged over all prey densities; 
y = 1. 00 - 0.29 log x, = 0.36, p > 0.05, 
S.E.= 0.29; c) copper effects on prey 
handling time; y = 6.94 + 0.544 log x, = 
0.35, p > 0.05, S.E.= 0.50 
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precluded determination of handling times for treated 
and untreated fish. 
Increases in handling times with copper 
concentration were not consistent for each prey type. 
Figure 11 shows the percentage increase, relative to 
control fish, in handling time for copper-treated fish 
as a function of relative prey size (prey length/fish 
length). Bluegill exposed to 25 ug/1 and 150 ug/1 
copper exhibited greater increases in handling times for 
small prey (e.g., P. magna) than for large prey (e.g., 
large damselflies). 
Differences in the proportion of attacked prey that 
were captured by treated and untreated fish were 
significant only for bluegill feeding on untreated 
amphipods, small damselflies, and large damselflies (F 
with 3,4 df) (Figure 12). Control fish captured a 
greater percentage of prey that they attacked than did 
treated fish. Prey that were attacked but not consumed 
either escaped or were expectorated by the bluegill. 
Copper had no effect on the proportion of fish that 
searched for prey in the test tanks. Fifty to 100% of 
fish in each copper concentration searched for prey 
within 5 min. of being put into the test tanks with 
different densities of prey. 
Figure 11. Percentage increase, relative to controls, 
in handling time of bluegill treated with 
25 ug/1 ( — — — ) and 150 ug/1 ( — ) 
copper as a function of relative untreated 
prey size (prey length/fish length) 
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Figure 12. Capture efficiency (# captured/# attacked) of control and treated 
bluegill preying on untreated amphipods and 2 sizes of untreated 
damselfly naiads 
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Of all the behaviors measured in the functional 
response experiments, handling time was most 
consistently sensitive to copper stress (Table 6). 
Except for experiments with Daphnia pulex and treated 
large Enallagma sp., the handling time of copper-exposed 
fish was significantly greater than that of controls for 
both treated and untreated prey. Other parameters, such 
as prey consumption rates and capture efficiency, were 
also affected by copper but were not as consistent 
responses. 
Copper had no effect on the ability of bluegill to 
visually locate prey. The average reaction distance of 
treated and untreated bluegill to D_j_ pulex and D. magna 
was 8.8 + 0.6 cm (n=4) and 22.4 0.9 cm 
(n=4), respectively. 
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Table 6. Summary of copper effects on bluegill foraging 
behavior. Differences between copper-treated 
and control fish significant at p<.05 (**) or 
not significant (NS) 
Handling Prey Capture Motivation 
Prey Time Capture Efficiency to Feed 
Untreated Prey 
Enallagma (large) •kit ** ** NS 
Enallagma (small) ** •k* ** NS 
Hyalella azteca * * •k* ** NS 
Daphnia magna ** * * NS NS 
Daphnia pulex NS ** NS NS 
Treated Prey 
Enallagma (large) NS NS NS NS 
Enallagma (small) ** NS NS NS 
Hyalella azteca ** NS NS NS 
Daphnia magna — — NS NS NS 
Daphnia pulex NS NS NS NS 
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DISCUSSION 
Standard chronic toxicity studies test chemical 
effects primarily on physiological aspects of growth, 
but generally not on ecological aspects that could also 
be significantly affected. Benoit (1975) reported that 
adult bluegill growth, reproduction, and survival were 
reduced by copper concentrations as low as 162 ug/1 
(water hardness, 45 mg/1). Larval bluegill survival 
after 90 days exposure to copper was adversely affected 
at 40-162 ug/1. Based on this information, Benoit 
(1975) determined a maximum acceptable toxicant 
concentration (MATC) of between 21 - 40 ug Cu/1. In 
this study, copper altered bluegill feeding behavior at 
concentrations less than our calculated MATC of 150 
ug/1. Copper concentrations as low as 25 ug/1 reduced 
consumption and increased handling times of bluegill 
foraging on a variety of prey types. Though a variety 
of chemical processes control the toxicity of copper in 
freshwater ecosystems (Sprague 1985), this study 
suggests that bluegill growth and prey choice in natural 
systems may be altered by copper concentrations as low 
as the federal water quality criteria for the protection 
of aquatic life chronically exposed to copper (USEPA 
1985b). 
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Copper had no affect on the ability of bluegill to 
locate prey as tested in the reaction distance 
experiments. Copper has been reported to damage corneas 
of larval striped bass, Morone saxatilis (Bodammer 1985), 
but the most common report of tissue damage caused by 
copper is to gills and some sensory tissues such as the 
olfactory and lateral line systems (Baker 1969, Gardner 
and LaRoche 1973). However, other chemicals may cause 
diminished vision in fish, so reaction distance should 
not be ruled out as an effective tool based on this 
copper study alone. Nyman (1981) reported that lead 
reduced the reaction distance of zebrafish, Brachydanio 
rerio, feeding on Daphnia. 
The capture efficiency (# of prey captured/# of 
prey attacked) was not a consistently sensitive measure 
of sublethal copper effects. Previous studies have 
noted reduced capture efficiency of fluorene-exposed 
bluegill preying on untreated chironomid larvae (Finger 
et al. 1985), and of pentachlorophenol-exposed 
largemouth bass (Micropterus salmoides) preying on 
poeciliids (Mathers et al. 1985) and brine shrimp (Brown 
et al. 1987). In this study, significant differences in 
capture efficiency between control and copper-treated 
bluegill occurred in only three of five experiments 
using untreated prey and in none of the experiments 
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using treated prey. Notably, differences in capture 
efficiency occurred with large prey, suggesting that the 
sensitivity of this metric may be related to the ratio 
of predator size to prey size. 
Reductions in prey consumption or cessation of 
feeding is the most common observation of toxicant 
altered feeding behavior in the literature (Sandheinrich 
and Atchison 1988). In this study, reductions in prey 
consumption by copper-treated bluegill were significant 
only for fish feeding on untreated prey. 
Change in handling time was the most consistent 
measure of altered feeding behavior for copper-treated 
bluegill feeding on both untreated and treated prey. 
Copper increased handling times, relative to controls, 
of treated fish for all prey except in the 2 experiments 
using D. pulex and the experiment using treated large 
Enallaqma sp. Handling time per prey is a function of 
relative prey size (prey length/fish length). Handling 
time increases exponentially above a minimum ratio of 
prey length/predator length and remains relatively 
constant below this critical minimum (Schoener 1969, 
Mittelbach 1981). The ratio of D. pulex length to 
bluegill length used in this study was 0.031. This was 
less than the critical minimum of 0.034 determined by 
Mittelbach (1981) below which the handling time remains 
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constant at approximately 1 s. Increases in handling 
times for bluegill on D. pulex caused by copper may not 
have been sufficiently large to exceed the minimum 
constant time. 
Previous studies also have noted toxicant-induced 
increases in prey handling time. Nyman (1981) reported 
tht lead increased handling time of zebrafish feeding 
on Daphnia. Cairns and Loos (1967) found zebrafish 
exposed to zinc, alkene benzene sulfonate, or potassium 
dichromate required more time than control fish to 
consume tubifex worms. The 1 mm sections of tubifex 
were often regurgitated repeatedly after capture before 
they were finally retained. 
Handling time is an important component of several 
models predicting the diet of bluegill in the wild 
(Werner and Hall 1974, Mittelbach 1981). In this study, 
percentage increases in handling time caused by copper 
were not constant with respect to prey size. Laboratory 
data suggest that copper will increase the cost of 
capturing prey, with the increase in cost being 
proportionally greater for small than large prey. This 
would not only result in a decrease in the net energy 
gain of a fish, but it would also be expected to 
increase the average size of prey consumed and alter the 
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size-frequency distribution of prey in the gut of 
copper-treated fish in the wild. 
In summary, sublethal copper concentrations 
decreased prey consumption and increased handling times 
of bluegill preying on five different invertebrates 
prey. Copper had no effect on the reaction distance of 
bluegill to two sizes of zooplankton. Changes in 
handling time were more consistent measures of copper 
stress than prey consumption, capture efficiency, or the 
proportion of fish searching for prey. This suggests 
that mechanistic measures may be sensitive indicators of 
changes in diet and net energy intake of fish caused by 
toxicant stress. In addition, current foraging models 
make use of these mechanistic measures to predict fish 
diet in the wild. This approach should allow 
development of testable hypotheses of predator-prey 
interactions prior to field verification of laboratory 
results. 
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ABSTRACT 
A mechanistic approach was taken to assess 
sublethal toxicant effects on bluegill (Lepomis 
macrochirus) feeding behavior and diet. A series of 
laboratory experiments was conducted to quantify effects 
of copper (0, 25, 150, 1800 ug/1) on the ability of fish 
to locate and handle different invertebrate prey. 
Copper did not reduce the reaction distance of fish to 
prey but at concentrations as low as 25 ug/1 (USEPA 
water quality criteria) it significantly increased 
handling time. These results were incorporated into an 
optimal foraging model to predict diet breadth of 
treated and untreated fish and tested in a lake. 
Bluegill in replicated, littoral-zone mesocosms were 
treated with one of three copper concentrations (0, 36, 
130 ug/1). The size-frequency distribution of the 
stomach contents of the fish, after 4 days of treatment, 
were compared with ambient prey availability and the 
diet predicted by the optimal foraging model. The model 
did not provide a good estimate of diet breadth for fish 
in the mesocosms. Small differences in the energetic 
return rate between optimal and suboptimal diets, the 
short duration of the test, and differences between 
laboratory derived estimates and actual prey encounter 
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rates may account for discrepancies between the observed 
and the predicted diet. 
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INTRODUCTION 
Assessment of xenobiotic chemical effects in the 
aquatic environment has been focused primarily on the 
results of standardized single-species laboratory tests. 
Because these toxicity tests do not include multispecies 
interactions or interactions between species and their 
environment, our ability to predict chemical effects at 
higher levels of organization may be greatly limited 
(Cairns 1983, Levins et al. 1984, Kimball and Levin 
1985). Assessment of contaminants at population, 
community, and ecosystem levels has been done using 
microcosms (e.g., Giesy 1980, Taub et al. 1983, Hedtke 
1985), but questions remain as to the ability of 
laboratory microcosms to predict chemical effects in the 
field. As suggested by recent publications (e.g., Boyle 
1985, Cairns 1985, 1986) there is considerable interest 
in developing ecologically relevant laboratory methods 
of risk assessment that are predictive of direct and 
indirect effects in the field and are amenable to 
verification. 
Alterations in fish behaviors are sensitive 
indicators of toxicant stress (011a et al. 1980, 
Westlake 1984, Little et al. 1985, Rand 1985, Atchison 
et al. 1987). Toxicant effects on fish foraging 
behavior may be especially important to community 
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dynamics. Fish have been shown to play an important 
role in structuring aquatic systems, both directly 
through prédation on vertebrate and invertebrate 
populations (Brooks and Dodson 1965, Andersson et al. 
1978, Lyons and Magnuson 1987) and indirectly through 
modification of nutrient cycling and energy flow at 
lower trophic levels (Vanni 1986, Carpenter et al. 
1985). 
Most studies of toxicant altered foraging behavior 
and growth have been strictly empirical, which limits 
their ability to predict toxicant effects in the field 
(Sandheinrich and Atchison 1988a). A mechanistic 
approach assessing chemical effects on components of the 
prédation sequence common to fish (search, pursue, 
attack, capture) has been shown to be a consistently 
sensitive indicator of toxicant stress (Sandheinrich and 
Atchison 1988b), and the results may be incorporated 
into models that predict foraging behavior and diet in 
the field. 
Recent studies using optimal foraging models (see 
Stephens and Krebs 1986 for a review) have demonstrated 
the utility of this method to predict the diet and 
habitat use of animals in the field. In addition to 
examining basic questions of aquatic community 
structure, such as resource partitioning, niche overlap. 
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and competition, foraging models may assist in 
predicting toxicant effects on community level 
interactions from laboratory derived data. 
The purpose of this study was to take a mechanistic 
approach to determining the effect of a toxicant on the 
feeding behavior of bluegill (Lepomis macrochirus), to 
predict effects on bluegill diet, and to verify these 
effects in the field. Using a variety of laboratory 
experiments, the effects of sublethal copper 
concentrations on the ability of bluegill to locate and 
capture prey were measured. These foraging parameters 
were then incorporated into an optimal foraging model 
first used by Mittelbach (1981) to predict diet breadth 
and habitat use of bluegill in a Michigan lake. In the 
present study, replicated littoral zone mesocosms were 
used to assess copper effects on bluegill diet. Prey 
abundances in the mesocosms were measured and then 
translated into prey encounter rates and profitabilities 
for treated and untreated fish using results of 
laboratory experiments and previously published 
information. Actual diets of bluegill in the mesocosms 
were then compared to predictions of optimal diet 
breadth made by the model. 
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The Foraging Model 
Optimal foraging models assume that individuals 
most efficient in feeding will be most fit, i.e., 
optimally foraging fish will acquire more energy, grow 
faster, and produce more offspring than fish foraging 
suboptimally. These average-rate-maximizing models 
construct cost/benefit relationships which incorporate 
tradeoffs between searching for and handling prey. Each 
prey item provides a fixed mean amount of energy, but a 
"cost" is also associated with each prey in terms of 
time and energy required to pursue, capture, and consume 
it. The prey model asks whether a forager should attack 
the prey it encounters or pass it over and continue 
searching. Using the model, the range of prey sizes 
eaten and the maximum net energy intake for a 
given-sized fish can be determined. Thus the rate of 
net energy intake (E^/T) can be defined as 
E /T = Z  BI E j  -  CG (1) 
" 1 + Z B[ s 
where: = Ae^ -
The definition of symbols is presented in Table 1. This 
optimal foraging model is identical to that used by 
Mittelbach (1981) in a laboratory and field study of 
bluegill diet and habitat use. 
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Table 1. Definitions of symbols used in the optimal 
foraging model. After Mittelbach (1981) 
Net energy gained while foraging (J) 
T Time spent foraging (s) 
e^ Energetic content of prey size class i (J) 
Handling time for prey size class i (s) 
Encounter rate for prey size class i (number/s) 
A Assimilable fraction of energy content 
Cg Energetic cost of searching (J/s) 
C. Energetic cost of handling (J/s) 
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The optimal diet for a predator is that subset of 
available prey sizes which maximizes the predator's 
long-term rate of net energetic intake. This subset is 
found by ranking the prey sizes from highest to lowest 
Eu/H^ and then adding the sizes to the diet in order of 
increasing rank until the ratio E /T is maximized. A 
n 
proof of the theorem, as well as model assumptions, can 
be found in Stephens and Krebs (1986) and Charnov 
(1976). 
The energetic content of prey class i (e^) was 
determined by first converting prey length to dry mass 
by the regression mass = 0.005 i2.16 (r=0.93, n=179, 
Mittelbach 1981). Prey dry mass was multiplied by the 
energetic equivalent of 21 J/mg dry mass (Cummins and 
Wuycheck 1971). Elliott (1976) determined that the 
assimilable fraction of energy ingested (A) is 0.7 for 
most invertebrate prey and is probably independent of 
fish size. 
The energetic costs of searching (C^) for and 
handling (C^) prey were estimated using respiration 
rates for bluegill determined by Wohlschlag and Juliano 
(1959): y = -2.1951 + 1.0621 XI + 0.0138 X2 + 0.0567 X3 
where y = log oxygen consumption rate (g ^ ), XI = log 
bluegill body weight (g), X2 = swimming velocity (m 
min'l), and X3 = temperature (C). The weight of 
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bluegill used in this study was estimated using the mass 
length relationship of log weight = -4.215 + 2.768 log 
standard length (r=0.84, n=125). Swimming speeds of 2.6 
m/s while searching for prey and 1.3 ra/s while handling 
prey were observed for bluegill foraging in vegetated 
habitat in the laboratory by Mittelbach (1981) and were 
used in this study. Prey encounter rates (B) and 
handling times (H) of copper treated and untreated 
bluegill were determined, from a series of laboratory 
experiments using prey of different types and sizes in 
aquaria that were modified to represent the habitat in 
which prey would occur in the wild. 
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LABORATORY EXPERIMENTS 
Methods 
Functional response experiments 
Five functional response experiments tested for 
effects of copper on the ability of bluegill to capture 
untreated prey (5 tests) (Table 2). Each experiment 
with untreated prey used 48 bluegill, 6 assigned 
randomly to each of 8 35-1 flow-through tanks. 
Individual bluegill were identified by cold branding 
(Everest and Edmundson 1967, Fugihara and Nakatani 
1967). Fish were maintained at 22 C under a 16 h light: 
8 h dark photoperiod, and were fed frozen brine shrimp 
(Artemia salina) until satiation twice daily during a 
one week acclimation period. Fish were fed ad libitum 
immediately after each day's foraging trial and then 
starved for approximately 18 h prior to the start of a 
new trial the next day. 
Each experiment consisted of a control period (4-6 
d) followed by a treatment period (4 d). The daily 
experimental format involved transferring individual 
bluegill from their treatment tank to a 60-1 aquarium 
with known prey composition (type, size, density) (Table 
2). Aquaria used with zooplankton prey were unmodified. 
Aquaria used with macroinvertebrate prey were modified 
Table 2. Predator (standard length), prey (length), prey density, and 
nominal copper concentrations used in functional response 
experiments 
Predator 
(mm+ sd) 
Prey 
(mm+sd) 
Prey density (#/l) Nominal Copper 
Concentrations (ug/1) 
bluegill 
(47.7+2.9) 
bluegill 
(48.4+2.1) 
bluegill 
(39.8+2.3) 
bluegill 
(43.5+3.9) 
bluegill 
(51.8+2.9) 
Enallagma sp. 
(13.6+1.0) 
Enallagma sp. 
( 8 . 2 + 0 . 6 )  
Hyalella azteca 
(3.2+0.9) 
Daphnia magna 
(2.4+0.3) 
Daphnia pulex 
(1.6+0.3) 
Untreated Prey 
0.5, 2.6, 5.3 
2.6, 5.3, 10.6 
3, 6, 18 
0.5, 2.5, 15 
2.5, 15, 30 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
0, 25, 150, 1800 
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to represent the littoral zone of a lake. Pieces of 
green polypropylene rope (15 cm long) were anchored 
along 3/4 of the bottom as artificial aquatic plants 
(200/m^). In addition to the artificial vegetation, a 3 
cm layer of sand was used in aquaria with Hyalella. 
Untreated prey were initially introduced into the 
test aquaria the day prior to initiation of an 
experiment. Consumed prey were replaced prior to the 
start of each new feeding trial. Two bluegill from each 
treatment tank were placed singly in each prey density 
(8 tanks of fish, 6 fish per tank, 3 prey densities). 
After initiation of feeding, bluegill were allowed to 
feed for 30 s in zooplankton experiments and for 3 
minutes in macro invertebrate experiments and then 
returned to their respective treatment tanks. If a fish 
did not feed or search for prey within 5 minutes, the 
trial was ended. The order in which the tanks of fish 
were tested was randomized daily and individual fish 
were presented with the same prey density during the 
entire experiment. 
Data recorded were number of prey attacked, number 
of prey captured, handling time per prey, capture 
efficiency, and whether the fish searched for prey or 
remained motionless at the bottom of the tank 
(motivation to feed). Capture efficiency was defined as 
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the proportion of prey attacked that were captured. 
Fish were observed directly; a video camera was also 
mounted over each tank to record the feeding sequence. 
Handling times for Hyalella and Enallagma were 
measured as the time from prey capture until search was 
reinitiated. Previous studies have found Daphnia 
handling times to be too short to be measured in this 
manner (Ware 1972, Werner 1977, Mittelbach 1981). 
Instead, they used the asymptotic value of time per prey 
captured as prey density increased to determine minimum 
handling time. However, in this study the bluegill did 
not feed continuously during the 30 s time interval, 
especially those fish treated with copper. Therefore, 
average handling times for bluegill continuously feeding 
over shorter time intervals were measured from the video 
tapes. Time required to capture 3 or more Daphnia was 
measured and divided by the number of prey captured - 1. 
After the control feeding period, bluegill in the eight 
tanks were exposed to 1 of 4 copper concentrations (2 
replicates per concentration). The nominal 
concentrations were 0, 25, 150, and 1800 ug/1. 
Respectively, these concentrations represented; 1) a 
control, 2) the 1985 USEPA water quality criteria for 
copper expressed as a 95-h average (USEPA 1985), 3) the 
maximum acceptable toxicant concentration for bluegill 
144 
exposed to copper (MATC), and 4) approximately one-half 
of the 96-h LC50 for bluegill. The MATC was calculated 
using the application factor of 0.04 derived from a 
previous chronic study done (Benoit 1975) and the 96-h 
LC50 determined in our laboratory (Sandheinrich and 
Atchison 1988b). Reagent grade anhydrous copper sulfate 
was mixed with distilled water, acidified with 5 ml HCl 
per liter of stock solution, and distributed via a 
peristaltic pump and a dilution water system as a 
constant flow to the treatment tanks. Stock solutions 
for control tanks were made from distilled water and 
acid only. Each tank received aerated, dechlorinated, 
charcoal-filtered municipal tap water at a rate of 100 
5 ml per min for a calculated replacement time of 4 
hours. 
After the first 24 h of copper exposure, the 
feeding behavior of each fish was again tested during 
the next 4 days of exposure. During the feeding trials, 
the fish were removed from their treatment tanks and 
presented with untreated prey in test tanks with water 
containing only background levels of copper. Over 1900 
feeding trials were done using these methods. 
Reaction distance experiments 
An experimental design similar to that described 
for functional response experiments with untreated prey 
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was used to assess copper effects on the ability of 
bluegill to locate prey. In two separate experiments, 
copper effects on the reaction distance of bluegill to 
one size class of untreated Daphnia magna and one size 
class of untreated D. pulex was determined (Table 3). 
Reaction distance was defined as the distance between 
the fish and prey at which the fish orients toward and 
begins pursuit of the prey. 
Three fish were each assigned to the 8 treatment 
tanks. Reaction distance of each bluegill was 
determined for 4 consecutive days prior to and during 
copper exposure (0, 25, 150, 1800 ug/1) using methods 
similar to those described by Confer and Blades 1975, 
Eggers 1977, and O'Brien 1979. Individual bluegill were 
transferred to a clear plexiglass chamber (100 x 10 x 10 
cm, with a ruled background) and presented with single 
prey via a manually controlled device which dropped 
individual Daphnia into the chamber at the opposite end 
from the fish and beyond its visual range. Fish were 
allowed to feed for 10 minutes or until 10 Daphnia were 
consumed. After each trial the fish were returned to 
their respective tanks. A video cassette recording 
system was used to record each experiment for later 
measurement of reaction distance. 
Table 3. Predator (standard length), prey (length), and nominal copper 
concentrations used in reaction distance experiments 
Nominal Copper 
Predator (mm+^sd) Prey (mm+sd) Concentrations (ug/1) 
blueg ill (43. 3+3. 4) Daphnia magna (2. 5+ 0.3) 0, 25, 150, 1800 
bluegill (51. 8+2. 9) Daphnia pu lex (1. 6+0.3) 0, 25, 150, 1800 
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Water chemistry 
Water samples for copper analysis were collected 
twice during each treatment period. Duplicate samples 
were taken from each tank and acidified to pH <2 with 
HCl. One sample from each duplicate was filtered 
through a 0.45 micron filter and both samples were then 
refrigerated for later analysis. Samples containing 
nominal copper concentrations of 1800 ug/1 were analyzed 
by direct aspiration into an atomic absorption-flame 
ionization spectrophotometer. Samples containing 
nominal concentrations less than 1800 copper were first 
extracted with an organic solvent based on techniques of 
Brown et al. (1970) and Kinrade and VanLoon (1974) as 
modified by Shephard (1976) and then analyzed by atomic 
absorption-flame ionization spectrophotometry. Nominal 
and actual copper concentrations for foraging 
experiments are presented in Table 4. Water quality 
characteristics (total hardness 157.5 +8.3 mg/1 as CaCO^ 
alkalinity 31.7 + 6.1 mg/1 as CaCO^; pH 7.6 + 0.4; 
temperature 21.9 1.6; dissolved oxygen 8.5 ^  0.4; n=5) 
remained constant during and between experiments. 
Statistical procedures 
Functional response experiments were a split-plot 
statistical design with repeated measures in which the 
treatment tanks were the experimental units (Winer 
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Table 4. Nominal and mean actual copper concentrations 
for filtered and unfiltered samples from each 
treatment tank. Mean+SE based on minimum of 2 
replicates from each treatment for each of 7 
functional response and reaction distance 
tests 
Nominal 
(ug/1) 
Filtered sample 
(ug/1) 
Unfiltered sample 
(ug/1) 
control 
25 
150 
1800 
6 + 5 
32 + 11 
191+88 
1710+104 
5 + 5 
31 + 12 
180+60 
1710+136 
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1971). The method allows the use of data from several 
dates when comparing treatment effects, but without the 
assumption that sampling dates are independent of each 
other. The linear statistical model contained copper as 
the main-plot treatment effect. In testing this effect, 
the variance of the treatment tanks nested within copper 
was used as the error term (F with 1,4 df). The subplot 
contained the effects of prey density (F with 2,32 df) 
and interactions of copper with prey density (F with 
6,32 df). The variance of fish nested within copper, 
tank, and prey density plus the variance of the 
interaction between prey density and tank nested within 
copper was used as the subplot error term. Similarly, 
copper effects on bluegill reaction distance (F with 1,4 
df) were analyzed using the variance of tanks nested 
within copper as the error term. All analysis of 
variance (ANOVA) tests were done using the Statistical 
Analysis System (SAS) General Linear Models (GLM) 
procedure (SAS Institute, Inc. 1985). Null hypotheses 
were rejected at p<0.05. 
Results and Discussion 
Copper effects on the ability of bluegill to locate 
and capture prey have been discussed in detail elsewhere 
(Sandheinrich and Atchison 1988b). Only those results 
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pertinent to the development of the optimal foraging 
model will be discussed here. 
There was a significant negative relationship 
between average prey consumption and copper 
concentration (F with 1,4 df)(Figure la-5a). Bluegill 
exposed to nominal copper concentrations as low as 25 
ug/1 consumed up to 55% (x = 27.2% +_ 16.9%, n=5) fewer 
prey than untreated fish. Deviations from linear models 
for both handling time and prey capture rates were not 
significant and suggest that a straight line is an 
adequate representation of the data. The reduction in 
prey consumption with increasing copper concentrations 
may be explained, in part, by the effect of the toxicant 
on prey handling times. 
Copper-treated fish had significantly higher 
handling times for each prey size than control fish 
(Figure lb-5b). This suggests that the net energetic 
value of each prey (E^/H^) was less for treated than 
untreated fish and that fish exposed to copper would 
obtain less energy (E /T) than unexposed fish foraging 
n 
in habitats with equal prey encounter rates. Longer 
time spent handling individual prey would preclude 
searching for and capturing additional prey during the 
foraging interval. Handling time per prey item (H^) 
increased significantly with relative prey size (prey 
Figure 1. Results of functional response experiments of 
bluegill foraging on untreated Daphnia pulex ; 
a) copper effects on prey consumption 
averaged over all prey densities; y = 9.28 -
1.57 log X, r2 = 0.50,  p < 0.05, S.E.= 1.58; 
b) copper effects on prey handling time; y = 
1.24 + .17 log X, r2 = 0.37, p > 0.05, S.E.= 
0 . 1 6  
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Figure 2. Results of functional response experiments of 
bluegill foraging on untreated Daphnia magna; 
a) copper effects on prey consumption 
averaged over all prey densities; y = 14.08 -
1.61 log X, = 0.70, p < 0.05, S.E. = 0.87; 
b) copper effects on prey handling time; y = 
0.99 + 0.36 log x, = 0.63, p < 0.05, S.E. 
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Figure 3. Results of functional response experiments of 
bluegill foraging on untreated Hyalella 
azteca; a) copper effects on prey consumption 
averaged over all prey densities; y = 6.90 -
1.19 log X, R2 = 0.85, p < 0.01, S.E.= 0.49; 
b) copper effects on prey handling time; y = 
2.58 - 0.72 log x, r2 = 0.63, p < 0.05, S.E. 
= 0.59 
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Figure 4. Results of functional response experiments of 
bluegill foraging on untreated small 
Enallagma sp.; a) copper effects on prey 
consumption averaged over all prey densities; 
y = 4.51 - 1.15 log x, r2 = 0.88, p < 0.01, 
S.E. = 0.81; b) copper effects on prey 
handling time; y = 2.44 + 0.67 log x, R2 = 
0.68, p < 0.05, S.E.= 0.43 
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Figure 5. Results of functional response experiments of 
bluegill foraging on untreated large 
Enallagma sp.; a) copper effects on prey 
consumption averaged over all prey densities; 
y = 1.68 - 0.32 log x, = 0.84, p < 0.01, 
S.E.= 0.13; b) copper effects on prey 
handling time; y = 5.62 + 1.02 log x, R^ = 
0.79, p < 0.05, S.E.= 0.53 
Enallagma sp. (large) 
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length/fish length). For control and copper 
concentrations of 25 ug/1 and 145 ug/1 an exponential 
equation was fitted by least-squares regression to 
values above a critical ratio of prey length/fish length 
(Table 5, Figure 6). Werner (1974) and Mittelbach 
(1981) demonstrated for bluegill feeding on a variety of 
invertebrate prey that the handling time remains 
constant below a critical ratio of prey length/fish 
length as suggested by Schoener (1969). The critical 
ratio of 0.045 was obtained from Mittelbach (1981) for 
bluegill foraging on Coenagrionidae and 
Daphnia in littoral habitats. Minimum handling times 
were calculated from the critical ratio and the 
regression equation. Differences in the slopes of the 
lines (Figure 6) for different copper concentrations 
were not significant, but intercepts were significantly 
different (P<0.05). Handling time/prey size 
relationships presented in Table 5 were used in the 
optimal foraging model to predict diets of fish in the 
field. 
Copper had no effect on the ability of bluegill to 
visually locate prey. The average reaction distance of 
treated and untreated bluegill to D_j_ pulex and D. magna 
was 8.8 0.6 cm (n=4) and 22.4 +_ 0.9 cm (n=4), 
respectively. Therefore, it is reasonable to assume 
Table 5. Handling time relations for bluegill exposed to 3 copper 
concentrations. The value 1/L crit represents a ratio of 
prey length/fish length below which handling time remains 
constant and above which handling time increases 
exponentially. A value of 0.045 determined by Mittelbach 
(1981) was used 
Copper Concentration Handling time (H) 
(1/L > 1/L crit) 
Minimum Handling Time (H) 
(1/L < 1/L crit) 
Control, n=8 H = 2.783 e G'855i/L 
r = 0.88 
H = 1.01 
25 ug/1, n=8 H = 2.815 e G'781i/L 
r = 0.88 
H = 1.48 
150 ug/1, n=8 H = 2.976 e 
r = 0.84 
H = 1.48 
Figure 6. Prey handling time as a function of relative 
prey size for bluegill exposed to 0, 25, or 
150 ug/1 copper. Curves fitted by regression 
equations in table 5 
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that copper only alters the ability of bluegill to 
handle individual prey and not their ability to locate 
prey. This assumption is important when prey encounter 
rates are considered. 
Mittelbach (1981) found that the rate at which a 
fish encountered prey was a function of prey density, 
prey length, and fish size in each habitat. He defined 
prey encounter rates as the mean number of prey captured 
per unit search time and calculated this rate by 
dividing the number of prey captured by the total 
experimental time minus total handling time. I 
initially attempted to determine encounter rates for 
treated and untreated fish in the lab by filming each 
foraging trial. However, in addition to difficulties 
associated with filming a large number of foraging 
trials each day, altered behavior of treated fish made 
this method of determining prey encounter rates 
unfeasible. Treated fish usually captured several prey 
within a short time after being presented with various 
prey densities. But they often then ceased feeding, 
swam about the aquaria, often bumping into prey 
(especially in dense swarms of zooplankton), and then 
occasionally resumed feeding. Because copper had no 
effect on bluegill reaction distance, I assume that 
copper disrupted the fish's motivation to feed rather 
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than inhibiting its prey locating ability. Therefore, 
prey encounter rates used in the foraging model were 
estimated using the equation determined by Mittelbach 
(1981): log B = -5.905 + 0.779 log D + 1.045 log 1 + 
0.694 log L , where B = prey encounter rate, D = prey 
density, 1 = prey length, L = fish length (48 mm). The 
predicted optimal diet of copper-exposed and unexposed 
fish in the field can now be determined from the 
foraging model and the abundance of different sizes of 
ambient prey. 
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FIELD EXPERIMENTS 
Methods 
An attempt to field verify copper altered feeding 
behavior observed in the laboratory was made using 
littoral zone mesocosms in an Iowa lake. Mesocosms 
containing bluegill were treated with different 
concentrations of copper and later sampled to determine 
the prey sizes and abundances available in the mesocosm 
and those consumed by the fish. 
Twelve, 3 m^ mesocosms were constructed in the 
littoral zone of a lake located at the the Iowa State 
University Horticulture Station. Three sides of each 
enclosure were constructed of steel fence posts and 
clear plastic sheeting; the shoreline served as the 
fourth side. The plastic walls were sealed to the 
substrate by pressing the plastic into the sediment. 
The water volume of each enclosure was estimated by 
measuring the water depth at 1 meter intervals; average 
water depth was approximately 0,5 m and average volume 
was approximately 4300 liters. Each mesocosm contained 
similar densities of submerged and floating aquatic 
vegetation (Ceratophyllum sp., Myriophyllum sp., 
Potamogeton spp.). 
Each of the enclosures received 1 of 3 copper 
treatments; no copper, low copper, medium copper. An 
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attempt was made to duplicate copper concentrations used 
in the lab (0, 25,  and 150 ug/1 respectively). Because 
copper precipitates rapidly in hard water (Hedtke 1984), 
nominal copper concentrations of 0, 125, 600 ug/1, were 
used. 
The enclosures were treated as a randomized block 
design, with 6 of the enclosures being treated on one 
day and the other 6 receiving copper 24 hours later. 
Copper was mixed with 25 ml of HCl and lake water and 
applied to the water surface in each enclosure with a 
pressurized pesticide sprayer. Control enclosures 
received a mix of acid and lake water only. Filtered 
and unfiltered water samples from each mesocosra were 
taken 24 and 72 hours after the addition of copper for 
later copper analysis as described in the laboratory 
methods. Actual copper concentrations and other water 
quality parameters are presented in Table 6, 
Based on standing stock estimates of bluegill in 
Midwestern lakes (Carlander 1977), 20 bluegill (48 ^ 2.5 
mm SL) were added to each enclosure on the same day the 
copper was applied. Four days after the addition of 
copper and fish, the invertebrate community in each 
enclosure was sampled and the fish were removed for diet 
analysis. 
Table 6. Mean (j^SE) copper concentrations and water quality characteristics for 
enclosures receiving control, low, and medium copper treatments 
Enc. Filt. Cu Unfilt. Cu Temp. D.O. PH Alk. Hardness 
Type (ug/1) (ug/1) C mg/1 mg/1 mg/1 
Control 13+4 12+2 27.3+.4 12+3 8.7+3 143+3 173+3 
n=4 
Low 36+9 21+9 27.5+.4 11+3 8.6+.4 144+1 177+3 
n=4 
Medium 131+77 105+36 27.8+.3 10+2 8.4+.2 149+1 181+1 
n=2 
• 
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Open-water prey were assessed by taking three 
samples using a 10 cm diameter number 10 plankton net. 
Each sample was comprised of three vertical tows from a 
depth of 0.8 m at random locations from three sides of 
each mesocosm. Plankton samples were preserved in a 10% 
formalin-sucrose solution (Haney and Hall 1973, Prepas 
1978). 
Invertebrates associated with the aquatic 
macrophytes were sampled with a 0.25 m^ quadrat sampler. 
Three randomly selected samples were obtained from each 
enclosure. A plastic bag attached to the quadrat 
totally enclosed the vegetation to be sampled. 
Vegetation within the quadrat was clipped at sediment 
level and the sampler was then inverted and removed from 
the water with the vegetation contained within the bag. 
Water drained from the bag through a 1 mm^ mesh screen 
at the corner of the bag. Vegetation and invertebrates 
were removed and preserved with 10% formalin. 
Benthic invertebrates were sampled with a 0.25 m^ 
Ekman dredge. Three samples from each enclosure were 
obtained, carefully washed through a 0.5 mm^ mesh sieve, 
and preserved in 10% formalin. 
Fish were removed from each enclosure by seining 
and immediately placed on dry ice. They were then 
stored at 0 C until stomachs could be excised and 
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preserved in 80% propanol. Bluegill diets were analyzed 
by measuring to the nearest 0.1 mm all prey in the 
stomachs of individual fish from each enclosure. 
Stomach contents were dried at 65 C for 48 hours and the 
average amount of food in each fish was determined. 
Invertebrate prey in benthic and vegetation samples 
were sorted and classified generally to family or genus 
under dissecting microscopes. All prey in these samples 
were counted and up to 50 prey in each prey category 
were randomly chosen and measured to the nearest 0.5 mm 
in length. 
Prey size-frequency distributions of zooplankton 
were obtained by counting the number of individuals in a 
minimum of 5, 1-ml subsamples from each sample using a 
Hansen-Stempel pipette, a Sedgewick-Rafter counting 
cell, and a binocular microscope. Zooplankton were 
measured to the nearest 0.1 mm in length using an ocular 
micrometer. 
The size-frequency distribution of prey sampled by 
each method was determined by averaging across all 
samples from a given gear type. The size-frequency 
distribution of prey within each mesocosm was determined 
by adding gear specific size-frequency distributions. 
Size classes were defined in 0.5 mm length increments. 
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The optimal diet and net energetic return (E^/T) 
for treated and untreated fish were calculated using 
equation 1 and the size-frequency distribution of prey 
available in each mesocosm. Statistical comparisons 
between optimal diets and the size-frequency 
distributions of prey actually consumed were made using 
a Chi-square goodness of fit test using the predicted 
optimal diet for the expected values. 
Results and Discussion 
Bluegill were recaptured from 10 of 12 enclosures. 
No fish were recovered from 2 of the 4 enclosures with 
medium copper concentrations. Of the remaining 10 
enclosures, an average of 8 + 4 (range 2-13) bluegill 
were recovered. There was no significant difference in 
the mean dry mass of stomach contents from treated and 
untreated fish (Wilcoxen two sample statistic, Sokal and 
Rohlf 1981). There was also no difference between 
treated and untreated enclosures in the estimated 
density of invertebrates (Wilcoxen two sample statistic, 
Sokal and Rohlf 1981). The average invertebrate density 
for all enclosures was 90,209 + 63,809 individuals/m^. 
The optimal foraging model did not accurately 
predict the diet breadth and size-frequency distribution 
of prey in the stomachs of treated and untreated 
bluegills. Figures 7-9 compare ambient prey 
Figure 7. Representative size-frequency distributions 
of; prey available in an untreated mesocosm 
(a), predicted optimal diet for untreated 
bluegill (b), and actual diet of bluegill (c) 
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Figure 8. Representative size-frequency distributions 
of; prey available in a mesocosm receiving 
low copper treatment (a), predicted optimal 
diet for treated bluegill (b), and actual 
diet of bluegill (c) 
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Figure 9. Representative size-frequency distributions 
of; prey available in a mesocosm receiving 
medium copper treatment (a), predicted 
optimal diet for treated bluegill (b), and 
actual diet of bluegill (c) 
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distributions, predicted optimal diets, and actual diets 
for fish from representative enclosures receiving 
control, low, and medium levels of copper. Comparison 
of predicted and actual diets using a Chi-square 
goodness of fit test indicated a significant difference 
(p<0.01) for fish from all enclosures. Both treated and 
untreated fish included suboptimal size prey in their 
diets. 
Furthermore, a comparison of the average dry mass 
of stomach contents and the energetic return for each 
enclosure predicted by the model showed no signficant 
linear relationship. This suggested that the the model 
failed to provide a good index of habitat value to the 
fish in the mesocosms. Mittelbach (1981) demonstrated 
that the model provided a good estimator of habitat 
value for bluegill foraging in pelagic and littoral 
habitats of a Michigan lake. The discrepancy between 
these studies may be due to the larger sample size used 
by Mittelbach (24 and 59 fish for the open water and 
littoral zone relationships, respectively) compared to 
this study and his inclusion of fish larger than 100 mm 
SL. 
The failure of the model to accurately predict the 
diet breadth of copper-exposed and unexposed bluegill 
may be attributed to several factors. Constraints of 
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the model (see Stephens and Krebs 1986), namely that 
prey encounter is a sequential Poisson process and that 
the fish has "complete information", may be violated in 
the field. Clumping of low-ranking prey, such as small 
zooplankton, into distinct microhabitats may compensate 
for their low food value. Bluegill foraging in prey 
clumps, or restricting foraging to particular 
microhabitats where small prey occur, would appear to 
take too few large invertebrates (high rank) and too 
many small invertebrates because model parameters were 
calculated for fish as if they foraged in the whole 
enclosure. Patchiness in prey distribution would have a 
greater effect on the diet of small fish because they 
encounter fewer total prey and spend more time handling 
individual prey than larger fish (Mittelbach 1981). 
The field experiment was conducted for only 4 days, 
perhaps not long enough for naive fish to learn the 
relative densities and handling costs of different sizes 
and types of prey in the mesocosm. Werner et al. (1981) 
found that foraging efficiency (prey capture rate) for 
bluegill in the laboratory increased with experience and 
was not maximized until after 6-8 successive feeding 
experiments (one experiment per day). In addition, the 
model assumes that handling costs are a function only of 
prey size. While this may be true for large bluegill 
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handling invertebrate prey, it is not true for small 
bluegill. Laboratory experiments demonstrated that 
handling times of bluegill handling sedentary 
damselflies (8.2 mm) were similar to those of bluegill 
handling smaller, but much more active amphipods (3.2 
mm) (Figure 3b, 4b) . 
Mittelbach (1981) also noted the discrepancy 
between predicted and actual diets of small bluegill in 
a Michigan lake. Although there was good agreement 
between the model and actual diets of bluegill greater 
than 100 mm SL, small fish (< 50 mm SL) included a 
larger number of small, suboptimal size classes in the 
diet. This was attributed, in part to the fact that the 
net energetic intake (E^/T) of these small fish changes 
little over a broad range of prey sizes. In this study, 
there was only a 4-10% difference between the energetic 
value of the optimal diet and that actually eaten by the 
fish in each enclosure. The inability of fish to detect 
such small differences in prey profitability, as well as 
inherent sampling errors in estimation of ambient prey 
densities and consequent encounter rates in the field, 
may also account for the poor fit of the model. 
Finally, the optimal foraging model requires that 
encounter rates of prey in the wild be accurately 
estimated. Prey encounter rates are not only a function 
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of fish size, prey size and prey density (Mittelbach 
1981), but also the structural complexity of the 
habitat. For example, Glass (1971) demonstrated that 
increased environmental structure decreased the rate at 
which largemouth bass captured bluegill in the 
laboratory. Dense vegetation may reduce random visual 
encounters between predator and prey (Cooper and Crowder 
1979), or may reduce capture success of the predator 
through modifications of predator and/or prey behavior 
(Savino and Stein 1982), Prey encounter rates 
determined for fish foraging among a regular 
distribution of simple, artificial plants in the 
laboratory probably did not accurately estimate 
encounter rates in the mesocosms where plant densities, 
types, and the physical complexity of individual plants 
•were variable. 
The failure of this experiment to field verify 
chemically altered feeding behavior observed in the 
laboratory should not signal the abandonment of a 
mechanistic approach to studying toxicant effects on 
fish foraging and growth. The success of optimal 
foraging models to predict the diets and habitat use of 
animals in the field (Werner 1977, Belovsky 1978, 
Mittelbach 1981, Werner et al. 1981) suggests that a 
mechanistic approach may still be useful. In contrast 
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to strictly empirical approaches a mechanistic approach 
allows development of hypotheses of toxicant effects on 
fish foraging and growth a priori to field verification 
(Sandheinrich and Atchison 1988a). Further refinement 
of foraging models and development of better methods for 
determining prey encounter rates may allow this approach 
to become a useful tool to hazard evaluation. 
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SUMMARY 
Previous studies of toxicant effects on fish 
foraging behavior and predator-prey interactions have 
taken a strictly empirical approach. The most common 
observation of altered feeding behavior was cessation of 
feeding or reduction in the amount of artificial food 
consumed. Changes in the number of live prey attacked 
and captured, latency to feed, and capture efficiency 
have also been documented. Predator-prey tests have 
placed major emphasis on toxicant effects on the ability 
of prey to escape prédation. Several different test 
systems, as well as model ecosystems, have been used. 
It is difficult to evaluate the sensitivity of these 
behavioral tests in relation to standard chronic tests. 
There is no consistency in test design, and few studies 
provide information of chemical effects on reproduction 
or growth in conjunction with behavioral effects. These 
empirical studies have little basis in ecological theory 
and do not allow development of testable hypotheses a 
priori to field verification of laboratory results. Few 
laboratory feeding studies have been verified in the 
wild. A mechanistic approach to feeding studies using 
optimal foraging and bioenergetic models may provide 
sensitive tests of contaminant effects that may be 
readily verified in the field. Model simulations 
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demonstrate how toxicant effects on components of 
fishes' prédation sequence can modify the size-frequency 
distribution of prey in the fishes' diet and how 
reductions in the amount of food consumed may alter 
growth. 
The objectives of this study were (1) to compare 
the copper concentrations that alter feeding behavior of 
bluegill with those estimated to be below concentrations 
that change growth, reproduction, and survival of this 
species in the laboratory (i.e., the estimated MATC); 
(2) to compare copper concentrations causing altered 
feeding behavior in bluegills with concentrations 
designated by the U.S. EPA as safe for aquatic life 
(i.e., the national water quality criteria); (3) to 
compare the sensitivity of copper-induced changes in 
mechanistic measures of foraging (reaction distance, 
handling time) to more common measures of foraging 
success (number of prey captured and capture 
efficiency); (4) to assess these behavioral changes 
using both untreated and treated prey of various species 
and sizes; (5) to incorporate these alterations into an 
optimal foraging model that predicts diet of fish in the 
field and, (6) to verify these alterations through the 
use of lake mesocosms. 
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The effects of 4 copper concentrations (0, 25, 150, 
1800 ug/1) on the foraging behavior of bluegill Lepomis 
macrochieus were examined with 12 separate experiments. 
Two experiments assessed copper effects on the reaction 
distance of bluegill to two sizes of untreated 
zooplankton. Ten experiments were done to asssess 
copper effects on the functional response of bluegill to 
untreated (5 tests) and treated (5 tests) invertebrate 
prey. Prey used in these experiments were: Daphnia 
pulex, D. magna, Hyalella azteca (Amphipoda), and 2 
sizes of Enallagma sp. (Zygoptera). Copper had no 
effect on the reaction distance of fish to zooplankton. 
There was a significant negative dose-response 
relationship for consumption rates of all untreated prey 
but not treated prey groups. Prey handling time for 
bluegill capturing treated and untreated prey increased 
significantly with copper concentration and was the most 
consistently sensitive parameter measured. Capture 
efficiency by bluegill, although altered by copper for 
some prey types, was not as consistent a measure of 
toxicant stress. These experiments suggest that 
mechanistic measures are consistent indicators of 
toxicant effects on fish feeding behavior and that 
copper concentrations as low as the USEPA water quality 
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criteria may alter food consumption and reduce growth of 
fish in the wild. 
The laboratory results were incorporated into an 
optimal foraging model to predict the diet breadth of 
treated and untreated fish in a lake. Bluegill in 
replicated, littoral-zone mesocosms were exposed to 1 of 
3 copper concentrations (0, 36, 130 ug/1). The 
size-frequency distribution of the stomach contents of 
the fish, after 4 days of treatment, were compared with 
ambient prey availability and that predicted by the 
optimal foraging model. In contrast to expectations, 
the model did not provide a good estimate of diet 
breadth for fish in the mesocosms. Small differences in 
the energetic return rate between optimal and suboptimal 
diets, the short duration of the test, and differences 
between laboratory derived estimates and actual prey 
encounter rates may account for discrepancies between 
the observed and the predicted diet. 
Research in this area may benefit from 
sensitivity/perturbation analysis and refinement of the 
optimal foraging model. Future attempts in using an 
optimal foraging model to predict the toxicant-altered 
diet of fish in the wild may have better success by 
using pelagic mesocosms, rather than littoral mesocosms 
as used in this study. Prey enounter rates in the field 
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are dependent upon prey size, fish size and the 
structural complexity of the habitat. In the 
laboratory, it is difficult to test the effects of a 
wide range of prey sizes, vegetation types, and 
vegetation densities on prey encounter rates. ' Pelagic 
zooplankton prey have a narrow range of sizes and they 
inhabit a relatively unstructured environment. 
At present, bioenergetic growth models have more 
immediate application to aquatic toxicology than optimal 
foraging models. They have been developed for a number 
of fish species and have been subjected to sensitivity 
and perturbation analysis. Microcomputer software 
packages for these models are readily available. 
Bioenergetic models could now be incorporated into many 
chronic toxicity studies performed in the laboratory by 
monitoring the amount of food consumed by control and 
toxicant-exposed fish. 
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